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A pilot-scale wetlands treatment system, located at the Big Five Tunnel in 
Idaho Springs, Colorado, was built to treat mine drainage with high metals 
concentration and a low pH. One process that allows for metal removal from 
acid mine drainage in the Big Five wetland system is the anaerobic microbial 
reduction of sulfate to sulfide followed by precipitation of heavy metal sulfides.
Bench-scale reactors with a high-alkalinity organic substrate were 
designed to evaluate anaerobic treatment of three drainages in the Clear 
Creek/Central City Superfund Site. Drainages chosen for the bench-scale 
analysis were the National Tunnel, the Quartz Hill Tunnel, and the Big Five 
Tunnel, each with different metal characteristics. Experiments evaluated the 
effects of varying initial substrate conditions and flow configuration on metal 
removal, change in pH, and hydraulic conductivity of the substrate.
Characteristics of the National Tunnel drainage are a slightly acidic pH of
5.6 and total heavy metal concentrations of about 80 mg/L. The Quartz Hill 
Tunnel has a pH of 2.5 and total heavy metal concentrations of 1000 mg/L.
The Big Five drainage has a pH of 3.0 and total heavy metal concentrations of 
around 90 mg/L.
Laboratory and field reactors evaluated all three drainages for over 125 
days. Results showed removal of Cu, Zn, Fe, and Mn was greater than 99
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percent. Reactor effluent pH increased to over 7.0, thus enhancing sulfate 
reducing conditions for the precipitation of metal sulfides and creating an 
optimal environment to precipitate manganese to manganese carbonate. Initial 
substrate conditions tested were dry, soaked, and inoculated and soaked 
substrates, where minor variations were seen in metal removal. A downflow 
reactor configuration compared to an upflow configuration showed no 
differences in metal removal.
Area loading rates were determined for the three drainages and found to 
be consistent with other recommendations for wetlands treatment of acid mine 
drainage. Values of loading are: 2.7 grams per day per square meter (gdm),
6.2 gdm, and 6.7 gdm for National, Quartz Hill, and the Big Five drainages, 
respectively.
Finally, hydraulic conductivity of the substrates showed more variation in 
an initial dry substrate as opposed to one that had been soaked, overall 
ranging from 1 x 102 cm/sec to 1 x 10'5 cm/sec.
Results indicate that bench-scale reactors can be used to evaluate metal 
removal from acid mine drainage and substrate performance. These results 
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As many as 1400 miles of drainage in Colorado exceed aquatic 
standards as a result of inactive mining operations (Emerick 1988). Water 
drainage from abandoned mines in the Clear Creek-Central City Superfund site 
in Colorado has affected the water quality of Front-Range water systems.
Acid mine drainage is characterized by high metals concentration and a 
lower than neutral pH. These characteristics occur from the oxidation of pyrite 
and other sulfide minerals. This is a common occurrence in abandoned and 
active mine workings throughout the western United States. The primary 
sources for acid mine drainage in the eastern United States are coal mines, 
however, constituents are approximately the same for both coal and metal mine 
drainage (Wildeman 1991).
In 1982, the Environmental Protection Agency (EPA) listed the Idaho 
Spring Central City mining district and surrounding areas on the Superfund 
National Priorities List because of the presence of heavy metals and the existing 
and potential affects on the aquatic systems within the area (Colorado 
Department of Health 1991). The Clear Creek/Central City Superfund Site 
includes the counties of Clear Creek and Gilpin and includes the Clear Creek 
drainage basin which covers approximately 400 square miles. The EPA
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performed a Remedial Investigation/Feasibility Study (RI/FS) on the mining 
waste within the site. Included in this study were the Argo and Big Five Tunnels 
in the Clear Creek drainage and the National Tunnel, Gregory Incline and 
Quartz Hill in the North Clear Creek drainage.
In 1987, a Record of Decision selected artificial wetlands as a preferred 
treatment method for the mine drainage (Colorado Department of Health 1989). 
A variety of point and non-point pollutants have been treated by wetlands that 
include not only municipal sewage but acid mine drainage, landfill leachate, 
urban runoff, and agricultural waste (Hammer 1989). The Big Five tunnel 
drainage was selected to examine this treatment technology through a pilot 
wetlands system.
A constructed pilot wetland system was built to passively treat metal- 
mine drainage from the Big Five Tunnel in Idaho Springs, CO, in 1987. This 
project has studied various metal removal processes from the wetland 
treatment system (Howard et al. 1989, Wildeman and Laudon 1989, Machemer 
et al. 1990, Reynolds et al. 1991). One process that allows for metal removal in 
the wetlands system is microbial reduction of sulfate to sulfide followed by 
precipitation of heavy metal sulfides (Wildeman et al. 1990, Wildeman and 
Machemer 1992).
In the design of a wetland treatment system for mine drainage, various 
stages of experimentation such as laboratory, bench scale, and pilot scale
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analyses can be performed to determine design criteria (Reynolds 1991). Lab 
analyses of microorganism activity in a pilot treatment system have been 
successful for studying the wetland treatment of the Big Five Tunnel mine 
drainage in Idaho Springs (Batal et al. 1989, Machemer et al. 1990, Reynolds 
1991, Wildeman and Laudon 1989). From metal removal data, the amount of 
wetland required to treat a drainage can be determined (Hedin and Nairn
1990).
In 1989, a bench scale test was developed to analyze the hydraulic 
conductivity of various substrates (Lemke 1989). This scale of testing proved to 
be effective in the removal of metals from the polluted drainage.
It was proposed to use the bench scale analysis to evaluate potential 
wetlands treatment of other drainages within the Superfund site and to further 
validate the use of this system in design criteria determination. Therefore, 
bench scale reactors were designed to evaluate the effects of change in pH, 
system configuration, initial substrate conditions, substrate loading rates on 
metal removal, as well as hydraulic conductivity. A high-alkalinity organic 
substrate was selected and the reactors were designed to operate in downflow 
and upflow configurations.
The purpose of this thesis was to use a bench scale system to determine 
design parameters for full-scale wetlands treatment of acid mine drainage, 
therefore the objectives of this study were:
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1) To determine metal removal efficiencies,
2) To evaluate system start-up performance by varying initial substrate 
conditions,
3) To compare the performance of an upflow reactor configuration with a 
downflow reactor configuration, and






The Clear Creek/Central City Superfund site and the location of the mine 
drainages affecting the area are shown in Figure 1. This research evaluates 
three mine drainages within this Superfund site, specifically, the Big Five Tunnel 
in Idaho Springs, the National Tunnel in Blackhawk, and the Quartz Hill Tunnel 
in Central City.
The drainages within this site lie in the Idaho Springs-Central City mining 
district that is a portion of the Front Range Mineral Belt in Colorado. This belt 
extends from Breckenridge in a northeastern direction to Jamestown, covering 
approximately 70 miles. Mining began in this area in 1859 with placer gold 
mining and expanded to the mining of several other metals including silver, 
lead, and zinc. The mine drainages impact aquatic and human life through 
surface water contamination, ground water contamination, and through the 
percolation of water through mine tailings and dumps.
Clear Creek, from Silver Plume to the Argo Tunnel in Idaho Springs, 
exceeds aquatic standards in cadmium, copper, zinc, lead, iron, manganese, 
and nickel (Colorado Department of Health 1991). The Big Five Tunnel, which 
discharges to Clear Creek within this reach, also exceeds standards for
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Figure 1. Clear Creek/Central City site location map (Colorado Department of 
Health 1989).
T-4113 7
aluminum, fluoride and pH. North Clear Creek, which drains the area of Central 
City and Blackhawk, exceeds the aquatic standards of cadmium, copper, zinc, 
arsenic, iron, manganese, nickel, and lead (Colorado Department of Health
1991).
Characteristics of the mine drainages selected for this study are shown 
in Table 1. The National and Quartz Hill drainages characteristics represent 
two different types within the Central City district (Wildeman et al. 1974). 
Characteristics of the National Tunnel drainage are a slightly acidic pH of 5.6 
and metal concentrations similar to that of the Big Five tunnel in Idaho Springs. 
Both drainages exhibit a significant problem with precipitation of iron hydroxide. 
The Quartz Hill Tunnel drainage represents the extremes of acid mine drainage 
for the area with pH ranging from 2.3 to 2.7, while metal concentrations are 
comparatively high.
To summarize, two drainages contained low metals concentration 
(around 90 mg/L), one with high pH and the other with low pH, and a third 
contained high metals concentration (around 1000 mg/L) and a low pH.
2.2 WETLANDS TREATMENT
2.2.1 Metals Removal and Loading Rates
The anaerobic treatment of acid mine drainage has been found to 
successfully remove metals and raise pH through the bacterial reduction of
T-4113
Table 1. Mine drainage characteristics, mg/L unless noted.
8
Characteristic Big Five National Quartz Hill
pH 3.0 5.6 2.5
Eh (mV) 700 420 720
Temperature (°C.) 16 12 12
Fe 50 42 700
Mn 32 19 63
Cu 0.9 0.18 77
Zn 10 7 91
s o ;2 2100 940 4100
Flow Rate (gpm) 30 27 1.8
(L/d) 163,300 147,000 9800
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sulfate to sulfides (Howard et al. 1989). High concentrations of sulfate in the 
mine drainage react with organics contained in a substrate to produce sulfides 
as shown:
SO;2 +  2CH20  ->  H+ + HS + 2HC03
The sulfides then precipitate the metal to metal sulfides as follows:
Fe2+ + HS ->  FeS + H+
This anaerobic removal process has been investigated at the Big Five 
pilot system (Machemer et al. 1990, Reynolds et al. 1991). To insure consistent 
metal removal, by sulfide precipitation, a reducing environment and a pH of 7 is 
required. Design parameters for a wetland treatment system have been 
developed from various stages of analysis (Reynolds et al. 1990, Bolis et al.
1990).
Lab analysis of microbial activity in a pilot treatment system has been 
used for studying the wetland treatment of the Big Five Tunnel mine drainage 
(Batal 1989, Machemer et al. 1990, Reynolds et al. 1991, Wildeman and Laudon
1989). Studies on the bacterial community of the Big Five wetland have shown 
an active population of sulfate reducing bacteria (Batal 1989). Sulfate reducing 
bacteria tolerate a pH range from less than 5.0 to 9.5 (Postgate 1984). The 
optimal temperature for sulfate reducing bacteria is 30°C but lower 
temperatures are tolerated. It has been suggested that the seasonal 
fluctuations affect the microorganism activity and thus, affect metal removals
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(Wildeman et al. 1990).
Metal removal was found to occur in the anaerobic zone of the substrate 
and amendments were made to the construction of the pilot wetland to 
enhance removal efficiencies (Wildeman et al. 1990). Reconstruction of the Big 
Five wetland reconfigured the treatment cells and substrate composition to 
maximize the contact time or residence time of the water with the substrate and 
enhance subsurface flow.
This treatment method requires a substrate that will facilitate subsurface 
flow as well as optimize conditions for bacterial reduction. To assure reduction 
of sulfate to sulfide, the bacteria require an anaerobic environment and an 
organic nutrient source. Various substrates have been used to treat acid mine 
drainage (Wildeman et al. 1990, Weider 1989). The Big Five pilot wetland 
treatment system contained combinations of materials such as mushroom 
compost, peat moss, aged manure decomposed wood, and limestone. The 
mushroom compost was most effective in raising pH and removing metals 
(Wildeman et al. 1990). This suggests the optimal substrate is high in organics 
and can raise mine drainage pH to a level that facilitates bacterial activity, thus 
metal removal.
Evaluation of Big Five wetland cell effluent and lab tests show organic 
complexation of metals occur to some extent (Wildeman and Machemer 1992). 
Lab experiments found iron and copper are adsorbed equally, but greater than
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Zn and Mn, that are also adsorbed equally. In the initial operation of a wetland, 
the complexation of metals from mine drainage is an important mechanism.
Lemke tested physical components of the Big Five wetlands substrate 
including hydraulic conductivity (Lemke 1989). The bench scale reactor, 
constructed of a 32 gallon plastic garbage can, evaluated metal removal 
efficiencies and were found to be related to those of the Big Five wetland 
treatment cells.
Metal removal efficiencies for wetlands treatment have been evaluated for 
primarily coal mine drainage (Drovak et al. 1991, Hedin and Nairn 1990, 
Kleinmann 1990, Brodie 1990). Metal removal from non-coal mine drainage, or 
metal mine drainage, has been evaluated for western United States sites 
(Howard et al. 1988, Emerick et al. 1988, Wildeman and Laudon 1989,
Wildeman et al. 1990) and for mine drainage common to the mining in 
Minnesota iron mining areas (Hammack and Edenborn 1991).
A wetland size is based on several parameters including drainage pH 
and metals concentrations. Loading rates typically were hydraulically based, 
only considering flow of a drainage through a specific area (Girts and 
Kleinmann 1984). However, several sources consider chemical loading to be a 
more practical approach, determining how much metal, specifically iron and 
manganese, can be removed based on mine drainage concentrations (Hedin 
and Nairn 1990, Brodie 1990, Kleinmann 1990). These sources also suggest
T-4113 12
that loading rates are pH dependent.
A summary of several design recommendations is shown in Table 2.
With the exception of the Big Five recommendation, all are results from coal 
mine drainage treatment. Loading rates are described in a variety of units and 
the values in Table 2 have been converted to gdm and m2/gd for comparison in 
this research.
2.2.2 Hydraulic Conductivity Of Substrate
In anaerobic wetlands systems that emphasize flow of acid mine 
drainage through the substrate, the hydraulic conductivity of the substrate 
material is an important variable. Typically, the effectiveness of constructed 
wetlands for treating acid mine drainage or other wastewater depends on the 
hydraulic conductivity, a characteristic that dictates whether a system has 
surface flow or subsurface flow (Steiner and Freeman 1989).
Poor hydraulic conductivity, caused by a build up of bacterial growth and 
sediment fines, may cause short circuiting of a treatment system (Lemke 1989, 
Cooper and Hobson 1989, Watson et al. 1989, Staubitz et al. 1989, Trautman et 
al. 1989). Specifically in the treatment of acid mine drainage in constructed 
wetlands, a decrease in the hydraulic conductivity of a substrate may result in 
surface flow, and, thus affect the metal removal efficiency of an anaerobic 
wetland treatment system that depends on subsurface flow (Wildeman et al.
T-4113 13
Table 2. Summary of wetlands treatment design recommendations.
Source Treatment Use Recommendation
gdm m2/gd
Reference
Hedin coal mine 
drainage
pH =  4.0: 10 gdm 











pH =  3.0 - 3.5: 
1200 Fe/day 
pH =  4.0 - 5.0: 
500 ft^/lb Fe/day 
pH >  6.0:












5.0 m2/L min -1 flow 288 m2/l/d 0.003 Referenced in Hedin 
and Naim 1990
Girts et at. coal mine 
drainage
15.0 m2/L min -1 flow 96 m2/l/d 0.010 Referenced in Hedin 
and Narin 1990
TVA coal mine 
drainage
pH < 5.5: 
if effluent Fe =  3 mg/L: 
2 m2/mg/min 
if effluent Mn =  2 mg/L: 
7 m2/mg/min
pH > 5.5: 
if effluent Fe =  3 mg/L: 
0.75 m2/mg/min 











Pesavento coal mine 
drainage
294 m2/L/s = 
200 ft^/gal/min
294 m2/l/d 0.003 Referenced in 
Watson et al. 1990 
Referenced in 
Brodie; 1990
Stark coal mine 
drainage
pH =  6.5, 10.6 gdm 10.6 0.094 Stark et al. 1990
Wildeman metal mine 
drainage
pH = 3.0,
1/8 g pm/100 ft2
6.7 0.148 Wildeman etal. 1990
ABBREVIATIONS: AMD Acid Mine Drainage
TVA Tennessee Valley Authority
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1990). Table 3 lists the hydraulic conductivities reported in the literature for 
various materials that have been used in the wetlands treatment of acid mine 
drainage and other wastewater.
Hydraulic conductivities measured in bench scale permeameters have 
been found to be predictive of the hydraulic conductivities in the Big Five pilot 
scale wetland (Lemke 1989). Lemke measured the hydraulic conductivities of 
fresh and used organic substrates composed of varying ratios of mushroom 
compost, peat and wood shavings in both upflow and downflow configurations 
and determined values ranging from 3.0 x 1C74 cm/sec to 6.7 x 10'7 cm/sec.
2.3 SUMMARY
This thesis investigates several design components of the anaerobic 
wetlands treatment of acid mine drainage. As previously discussed, it is critical 
to maintain a population of sulfate reducing bacteria to insure the removal of 
sulfate and production of metal sulfide. To maintain this bacterial process, a 
high pH is required, as well as maintaining a reasonable temperature (Reynolds
1991). The chosen substrate must ensure maximum contact with the mine 
drainage as well as contain organic nutrients for the sulfate reducing bacteria. 
The system must be properly loaded to insure a sufficient residence time for the 
microbial reduction to occur.
Therefore, several components were evaluated on a bench scale level
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Table 3. Hydraulic conductivity of substrates used in wetlands treatment of 
wastewater.
MATERIAL HYDRAULIC CONDUCTIVITY USE REFERENCE
Reported Equivalent in
Values cm/sec
Mushroom compost (unused) acid mine Lemke 1888
lab downflow 3.50 x 10'3 cm/s 3.50 x 10*3 drainage
bench-downflow 3.14 x 10"3 cm/s 3.14 x 10*3
pllot-downflow 2.86 x 10 '*  cm/s 2.86 x 10*4
lab-upflow 6.65 x 10*2 cm/s 6.65 x 10*2
bench-upflow 1.44 x 10'2 cm/s 1.44 x 10*2
pilot-upflow 1.38 x 10'2 cm/s 1.38 X  10*2
Old Natural Reed Beds 5 x 10*6  m/s 5 x  10*4 general Referenced in Cooper
recommended United wastewater and Hobson 1888
Kingdom design values 3 x  10*3 m/s 3 x 10** treatment
gravel 1 x 10*3 m/s 1 X 10**
pulverized fuel ash 8 x 10*® m/s Bx 10*3
quarry rejects 1 x 10'3 m/s 1 X 10**
pea gravel 8 x 10** m/s 8 X 10*
soil beds (in Europe) 2.6 m/d 3 x  10*3 general Referenced in Watson
wastewater et al. 1888
gravel beds (in Europe) 30 m/d 3.4 x 10*2 treatment
suggested range 30 - 864 m/d 3.4 x  10*2 - 1 X  10*
reed bed media range: reed bed Referenced in
clays 1 x 10-7 m/s 1 x 10*® treatment Hobson 1888
coarse gravel 1 x 10** m/s 1 x 10*
soil beds < 3 x 10*® m/s 3 x  10*3
homogeneous mixture 80 m/d 8 x 10"2 landfill leachate Staubltz et al. 1888
(lab test) treatment
sorted substrate 1600 m/d 1.8 x 10*
(lab test)
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that included: initial start up conditions of the substrate including the effects of 
a dry versus soaked versus inoculated and soaked substrate, the metal 
removal capabilities of the system and loading factors, and finally, the hydraulic 






To effectively evaluate anaerobic treatment of acid mine drainage on a 
bench scale level, several parameters required analysis that included reactor 
design and configuration, selection of substrate, and determination of the 
optimal flow rate through the system.
3.1.1 Reactor Design and Configuration
The reactors were constructed of 32 gallon plastic garbage cans fitted 
with PVC pipe and designed to operate without valve control in both upflow 
and downflow configurations. Lava rock was layered in the bottom of the 
reactor to a depth of approximately four inches. A layer of landscape fabric 
was caulked in place above the lava rock. The reactor was filled with substrate 
to approximately 1 inch from the rim where an overflow pipe was installed. For 
the downflow configuration, the reactors were covered with lids that contained 
an inlet fitted in the center of the lid. The outlet was a fitting approximately one 
inch from the reactor base. Figure 2 is a diagram of the reactor in the 
downflow configuration.






Figure 2. Diagram of bench scale reactor in the downflow configuration.
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flow through the substrate. To maintain an anaerobic system, a constant head 
system was operated with at least one inch of water on top of the substrate. 
This also prevented short circuiting, or channeling of water through the 
substrate. This head was maintained by flowing drainage into the system at a 
higher flow than the designed reactor flow rate. The excess flow exited the 
system through the overflow.
For the upflow configuration, flow through the system was reversed. 
Influent ran through tubing into a fitting approximately one inch from the reactor 
base. The water flowed up through the substrate to an outlet located 
approximately eight inches from the top of the reactor. This outlet was located 
beneath the substrate level to insure effluent water flowed from an anaerobic 
zone within the substrate.
From each respective outlet, a length of TygonR tubing was fitted and 
attached to the side of the reactor. The flow rates were adjusted by raising or 
lowering the TygonR. Reservoirs maintained a hydrostatic head to drive the 
reactor system. Considerations in the design were made for problems with iron 
hydroxide clogging, adjustability of flow rates, and limited maintenance. Further 
details of the design and operation of this experiment are described in a report 
by Bolis and Wildeman (1990).
T-4113 20
3.1.2 Substrate Selection
Two types of substrate were tested for the bench scale system; the 
mushroom compost that was previously used at the Big Five constructed 
wetland (Howard et al. 1989, Machemer et al. 1990) and four substrates from a 
local fertilizer company. After titrating the mushroom compost with HCI, it was 
concluded that it may not provide sufficient buffering for both mine drainages. 
The four substrates tested were cow manure, topsoil, planter mix, and planter 
mix without manure. The final mixture chosen was 75 percent cow manure and 
25 percent planter mix, that had a soil pH of approximately 8.6.
The final matrix was composed of cow manure, hay, and small clumps of 
soil and dirt. It is referred to as "manure" in this text. The matrix ranged in size 
from 1/16 inch to 1 inch and was brown in color. The hay varied from small 
bits to 6 inch length pieces. The planter mix appeared to be a typical type of 
potting soil that contained manure, dirt, sand, and peat. It was grey to black in 
color and a fine material from 1/8 inch to 1 inch in size.
The manure and the planter mix were purchased in a 3:1 ratio and then 
were mixed by shovel and rake. Any small stones were removed during 
mixing. As the reactors were filled, the substrate was checked for 
homogeneity.
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3.1.3 Flow Rate Determination
Research has determined that sulfide production for a wetland removing 
metals from acid mine drainage ranges from 2 to 600 nanom oles/cm 3/d a y  
(Mclntire and Edenborn 1990). The Big Five wetland has an established flow 
rate of 1/8 gallon per minute per 100 square feet based on these sulfate 
reduction rates. This flow rate provides a residence time for the mine drainage 
that allows for sufficient sulfide production to precipitate the metals. The Big 
Five wetland substrate has sulfide production as high as 1200 nanomoles/g/day 
(Reynolds 1991). Therefore, the flow rate at the Big Five wetland was utilized to 
determine reactor flow rates to test drainages.
Table 1 (Chapter 2) shows water characteristics for the Big Five, National 
Tunnel, and Quartz Hill mine drainages. The heavy-metal concentration of the 
National Tunnel is approximately equal to that of the Big Five Tunnel. The table 
shows Fe, Mn, Cu, and Zn totalling approximately 90 mg/L for both drainages. 
Therefore, utilizing an effective flow rate of 1/8 gpm/100 ft2, and a surface area 
of 0.204 m2 for the reactor, a scaled down flow rate was calculated. The flow 
rate for the National Tunnel was calculated to be approximately 10.0 mL/min.
Similarly, the Quartz Hill Tunnel heavy metal concentration totals to about 
1060 mg/L as shown in Table 1. By comparing these concentrations with those 
of the Big Five and National Tunnel, Quartz Hill concentrations are 
approximately ten times greater. Therefore, by reducing the flow rate by a
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factor of 10, a flow rate of 1 mU/min was selected for Quartz Hill reactors. 
Calculations for these flow rates are shown in Appendix A.
3.2 EXPERIMENTAL DESIGN - 1990 NATIONAL TUNNEL AND QUARTZ HILL 
EXPERIMENTS
Two mine drainages were evaluated in the bench scale system. The 
National Tunnel experiment was operated in the field while the Quartz Hill 
experiment was operated in the laboratory. These experiments evaluated both 
metal removal and hydraulic conductivity for the manure substrate.
3.2.1 Variation in Initial Substrate Conditions
To test whether anaerobic conditions and inoculating the substrate would 
affect initial metal removals, three initial substrate conditions were tested for 
both drainages. Before flowing mine drainage through the system, one reactor 
was dry, a second reactor was soaked with water for one week, and a third 
was inoculated and soaked with water for one week. The inoculum was a 
mixture of substrate from the Big Five wetland that contained sulfate reducing 
bacteria (Batal et al. 1989). The National Tunnel reactors were soaked with 
water from North Clear Creek. The Quartz Hill lab experiment was soaked with 
city water that was dechlorinated with sodium thiosulfate.
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3.2.2 System Configuration
Experimentation began in June 1990 and continued until November 
1990. The reactors were operated in a downflow configuration with a reservoir 
of water on top of the substrate to simulate a constant head system. Flows 
were maintained at 10 ml/min for the National Tunnel drainage and 1 ml/min for 
the Quartz Hill drainage.
To evaluate system configuration performance, one reactor at each site 
was modified during the experiment to an upflow configuration. This reactor 
had fresh substrate that was inoculated and soaked for one week prior to 
operation.
3.2.3 Flow Rate Variation
The flow rates were increased after approximately 12 weeks of operation. 
The flows were doubled and then tripled for the remaining weeks of the 
experiment. Tables B-1 and B-2 in the appendix show the actual flow rates of 
each reactor.
3.2.4 Site Description and Layout
The reactors at the National Tunnel were located near the adit. Polyvinyl 
chloride (PVC) pipe ran mine drainage from approximately 20 feet inside the 
adit to the system. A trough system, acted as a reservoir to feed mine
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drainage into each reactor. The reactor systems were located below the mine 
adit to provide enough hydraulic head to drive the system without valve control.
Water was hauled from the Quartz Hill Tunnel site to the lab in 50 liter 
carboys. Each reactor had an individual reservoir for mine drainage and an 
overflow system. For both lab and field experiments, it was necessary to make 
regular checks on the system to adjust the reactor flow rates, check the mine 
drainage flow or reservoir flow, and rid the system of any iron hydroxide 
clogging. Initially, water sampling and field measurements were made on a 
weekly basis for eight weeks of experimentation. The schedule was then 
modified to sampling every two weeks.
3.3 EXPERIMENTAL DESIGN - BIG FIVE 1991 EXPERIMENTS
In 1991, the bench scale experiments were performed at the Big Five 
Tunnel in Idaho Springs, CO. Two reactors with the manure substrate were 
operated in the downflow configuration to evaluate metals and hydraulic 
conductivity. Two reactors containing an inorganic limestone-alfalfa substrate 
were operated in the downflow configuration to evaluate hydraulic conductivity 
only.
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3.3.1 Variation in Initial Substrate Conditions
The organic substrate tested in the 1991 experiment was composed of 
75 % cow manure and 25 % planter soil by volume. The total amount of 
substrate used in each reactor was 225 lb, of which 25 lb was inoculum. The 
inoculum consisted of substrate from currently active cells at the Big Five pilot 
wetland that has been shown to contain sulfate reducing bacteria (Batal et al. 
1989). Two initial substrate conditions were evaluated. In one reactor, the 
substrate was dry; in the other, the substrate was soaked for one week with 
mine drainage to establish anaerobic conditions.
The reactors with an inorganic limestone substrate were evaluated for 
hydraulic conductivity only. Each reactor was filled with approximately 260 lb of 
substrate composed of approximately 198 lb of limestone, 37 lb of alfalfa, and 
25 lb of inoculum. One reactor was initially dry, while the other was soaked for 
1 week with mine drainage.
3.3.2 System Configuration, Flow Rate, and Site Description
The reactors used in this study were similar to those used in the 1990 
experiments. Each reactor had a constant level of water on top of the 
substrate to serve as a constant head system. The reactors were operated in a 
downflow configuration for 132 days. Flow rates were adjusted by raising or 
lowering the effluent level and maintained at approximately 10 ml/min during the
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experiment. The reactors were located on a platform near the Big Five pilot 
wetland system and situated at a level that would allow gravity flow from the Big 
Five Tunnel.
3.4 EXPERIMENTAL DESIGN - 1991 LAB EXPERIMENTS
To evaluate hydraulic conductivities of substrates used to treat mine 
drainage, constant head and falling head experiments were performed. 
Permeameters devised to operate either test, with dimensions of 45 cm high 
and 7 cm in diameter were used. The manure substrate as well as a limestone 
substrate were evaluated in the lab, using both tests.
The two substrates evaluated in the 1991 field experiments were tested 
both dry and soaked overnight in the lab, using both constant head and falling 
head techniques. A third substrate, a mixture of manure and hay in a 3:1 ratio 
by volume was also tested in the lab. This substrate has been utilized by 
others to evaluate wetlands treatment of acid mine drainage (Euler et al. 1991).
3.5 EXPERIMENTAL SAMPLING
3.5.1 Flow Rate Measurements
Flow rate measurements were made during water sampling and regular 
field checks. To attain the desired flow rate, adjustments were made regularly 
by changing the height of the output. The flow rate of each reactor was
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determined by measuring a volume of effluent over a given time at least twice 
and averaging the two flows.
3.5.2 Water Sampling
Sampling and analysis procedures followed an EPA quality assurance and 
quality control plan (Wildeman 1988). For the 1990 experiments, water 
sampling and field measurements were made on a weekly basis for the first 10 
weeks of the experiment, then bimonthly. The 1991 field experiment had a 
water sampling schedule of bimonthly, however, pH and hydraulic conductivity 
measurements were made biweekly.
During sampling, 250 ml water samples were filtered and acidified with 
approximately 2 ml of HN03 (8M). Duplicates of both the mine drainage and 
the reactor outputs were taken monthly. The results of the duplicate samples 
were averaged with the original sample for reporting. Field blanks were taken 
to detect any possible procedural contamination. The Quartz Hill Tunnel mine 
drainage was sampled in the field and in the lab. There were no significant 
changes in the measurements of the metal concentrations. These values were 
averaged for data reporting.
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3.5.3 Field Measurements
Field measurements of pH, Eh, conductivity, and temperature were also 
made for mine drainage and reactor effluent during water sampling.
For the determination of hydraulic conductivity, the difference in height 
between the standing water on top of the substrate and the outlet was 
measured, as well as the height of the substrate in the reactor and the flow 
rate. During the 1990 experiments these measurements were taken 
periodically. However, because a main objective of the 1991 field experiments 
was hydraulic conductivity evaluation, measurements were at least every two 
days for the first 50 days and then at least bi-weekly for the remainder of the 
experiment.
3.5.4 Lab Measurements
For the 1991 hydraulic conductivity lab experiments, general procedures 
from EPA (1986), Lee (1991), and Klute (1986) were followed for constant head 
and falling head permeameter tests. Constant head permeameter testing 
measures a volume of water that flows through a substrate in a given time 
period. Falling head permeameter testing measures a volume of water that 
flows through the substrate in a given time and through a given height of 
substrate. Falling head tests were run when the constant head test was not 
feasible. At least three tests were made for each substrate.
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3.6 DATA ANALYSIS
3.6.1 Metal and Sulfate Analysis
The metal analyses for this project were done by flame atomic absorption. 
Sulfate concentrations were determined by the gravimetric precipitation of 
BaS04. The procedure is described by Taras et al. (1971).
3.6.2 Determination of Hydraulic Conductivity
Hydraulic conductivity of each reactor substrate was determined by the 
standard calculation of flow through media (Fetter 1988, EPA 1986). Flow 
through saturated media is governed by Darcy’s Law, as follows:
Q = K A d h  (3.1)
dl
where Q = volumetric flow rate, i.e., volume/time, (ml/min)
K -  hydraulic conductivity, (cm/sec)
A = cross sectional area, (cm2)
dh = hydraulic gradient of the system, (cm/cm)
dl
For a constant head system, hydraulic conductivity can be calculated by
rearranging equation (3.1):
K = Q_dl (3.2)
Adh
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For a falling head system, hydraulic conductivity is calculated as:
K L In (ho/h2) 
t
(3.3)
where L length of system, (cm)
t time for water to flow from h0 to h2, (sec)
initial water height, (cm)
h. final water height, (cm)
Equation (3.2) was used to calculate the hydraulic conductivity of the bench 
scale reactors. Both equations (3.2) and (3.3) were used to estimate hydraulic 
conductivity of the lab experiments.
3.6.3 Statistical Analysis
The mean metal concentration from the reactors was compared for the 
varying initial substrate conditions and flow configurations for the first seven 
weeks of experimentation. Also, the mean hydraulic conductivities obtained 
from the reactors and lab experiments were compared. All statistical analysis 
used the t test performed at the 0.05 level of significance.
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Chapter 4
RESULTS AND DISCUSSION - METAL REMOVAL
4.1 RESULTS
This section presents the results from the 1990 field experiments that 
include the National Tunnel, operated in the field, and the Quartz Hill, operated 
in a lab setup. It also presents the results from the 1991 field experiments at 
the Big Five Tunnel. Data collected for these experiments are 
included in Appendix B. For each mine drainage and reactor the tables 
include: pH, Eh, temperature, flow rate, concentrations for copper, iron, 
manganese, zinc, and sulfate. Statistical analysis comparing metal removal for 
various initial substrate conditions and reactor configuration was performed 
within a 0.05 level of significance and is shown in Appendix D.
4.1.1 1990 Field Experiments
4.1.1.1 Field Measurements
Reactor flow rates and mine drainage and reactor effluent pH for the 
National Tunnel is shown in Figure 3 for 132 days of experimentation. The pH 
of the National Tunnel mine drainage fluctuates from 5.2 to 5.8, and the effluent 
pH’s are maintained between 7.0 and 8.0 during the initial 4 weeks of 
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Figure 3. National Tunnel flow rate (a) and pH (b) of mine drainage and reactor 
effluent.
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reactor flow rates were varied after week 6, to 2- and 3-times the original flow of 
10 mL/min, the pH’s showed an overall decrease.
For graphical purposes, the flow rate data point for the soaked reactor 
was omitted as it was approximately 130 mLVmin. Although the effluent pH 
overall decreased during the experiment, the pH generally remained over 6.2.
At day 84, the dry reactor was changed to fresh soaked and inoculated 
substrate and the configuration to upflow. This reactor performed similar to the 
others as shown in the figure.
The Quartz Hill Tunnel reactor flow rates and effluent pH are shown in 
Figure 4. The flow rate for the soaked and inoculated reactors was increased 
from the established rate of 1 mL/min to 2-3 mLVmin as shown in Figure 4a.
The mine drainage pH fluctuated from 2.3 to 2.9; the reactor effluent pH ranged 
from 6.4 to 8.6. An overall decline in pH occurred during the 132 days from 
around 8.0 to 6.5. Again, the dry reactor was changed from a downflow to 
upflow configuration (day 89) with fresh substrate, inoculated and soaked. The 
effluent pH of this reactor was similar to the initial performance of the other 
downflow reactors (days 1-42).
The Eh of the mine drainage and reactor effluents is shown in Appendix 
B for both drainages. For the National mine drainage, Eh decreased from the 
summer months into the fall from over 600 mV to around 400 mV. Reactor 
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fluctuate between 0 mV and 350 mV. While the Quartz Hill mine drainage Eh 
fluctuated between 650 mV and 750 mV, the effluent Eh was initially -150 mV to 
450 mV and continued to vary.
The temperatures of mine drainage and reactor effluent for National and 
Quartz Hill, respectively are listed in Appendix B. Temperatures of National 
Tunnel mine drainage fluctuated from 6° C. to around 14° C. from the month of 
June through October. During first 50 days of experimentation the temperature 
fluctuates from 10° C. to as high as 25° C. During the remaining days of 
experimentation the temperature paralleled the mine drainage temperature. 
Quartz Hill mine drainage temperatures ranged from 9° C. to 23° C.; the effluent 
temperatures ranged from 15° C. to 27° C.
4.1.1.2 Sulfate and Metals
Sulfate concentration values for mine drainage and reactor effluent are 
shown in Appendix B. Sulfate concentrations for mine drainages for National 
range around 950 to 1000 mg/L. Quartz Hill varies around 4000 mg/L to 4500 
mg/L. As indicated by the effluent concentration, sulfate is removed from the 
mine drainage throughout the experiment, but only decreases slightly at the 
end of the experiments. Effluent sulfate concentrations appeared to increase 
throughout the experiment, however, this is a reflection of the changes in 
influent flow.
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The comparison of mine drainage iron and manganese concentrations 
and reactor effluent for the National Tunnel is shown in Figure 5. The dry 
reactor showed a higher iron removal and more constant removal during the 
first four to seven weeks than the other reactors as shown in Figure 5a. 
However, the soaked and inoculated and soaked reactors removed more iron 
overall. Statistical analysis showed no significant difference in metal removal 
during the first seven weeks between the soaked and the inoculated and 
soaked reactors. However, there was a difference in iron removal between the 
dry and the inoculated and soaked reactors.
Around day 80, the dry reactor was changed to an upflow configuration 
with fresh inoculated and soaked substrate (days 84-126). As seen in Figure 
5a, the iron removal was similar to that of the other downflow reactors (days 1 - 
43). Statistical analysis showed that iron removal was the same for this upflow 
reactor and the inoculated and soaked downflow reactor in the first seven 
weeks of the experiment.
Figure 5b shows a comparison of manganese removal for the field 
experiment at the National Tunnel. For the soaked, and inoculated and soaked 
reactors, the removal of manganese from the National Tunnel drainage was 
high during the first seven weeks of the experiment, while it was poor for the 
dry reactor.
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Figure 5. Quartz Hill flow rate (a) and pH (b) of mine drainage and reactor 
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initial substrate conditions indicate some differences. As indicated in Table C-1, 
differences existed in manganese removal under all conditions, as well as 
differences between dry and soaked reactors for iron removal.
Operating initially at approximately 1 ml/min, Quartz Hill Tunnel reactors 
showed nearly 100 % removal of iron during the experimentation as shown in 
Figure 6a. There were no significant changes in iron removal over the first 
seven weeks by varying initial substrate conditions and reactor configuration, as 
shown by statistical analysis. Increasing the flow rate to 2 mL/min to 3 mL/min 
around day 100 showed a decline in iron removal from over 99 percent to less 
than 94 percent in the soaked reactors effluents.
Manganese removal for Quartz Hill Tunnel mine drainage was more 
consistent than National Tunnel as shown in Figure 6b. It averaged over 95 % 
removal until around day 63 when the soaked and inoculated and soaked 
reactors showed an apparent decrease. The inoculated and soaked upflow 
reactor (days 96-133), compared with the downflow inoculated and soaked 
reactor (days 6-49) show no statistical difference in metal removal.
The National Tunnel and Quartz Hill Tunnel reactor effluent data indicated 
nearly 4 weeks were needed to attain a less-than detection limit for copper as 
shown in Appendix B. Copper removal was maintained at this level for the 
remainder of the experiments. The soaked and inoculated upflow 
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T-4113 40
The exception was the Quartz Hill reactors, which showed slight signs of a 
decrease in copper removal in the last week of operation.
Zinc removal from both mine drainages was very effective, as shown in 
Appendix B. The data show no apparent differences between the dry, soaked, 
and inoculated reactors, in the first seven weeks, as well as between the upflow 
and the downflow configurations. A slight decrease in removal occurred at 
day 63, and may only have been correlated with an increase in flow rate.
Again, as seen with the other metals, for both drainages, the upflow 
configuration had very effective zinc removal.
For both drainages, statistical analysis verified that there were no 
significant differences between the initial substrate conditions and removal of 
copper and zinc in the first seven weeks of experimentation, with one exception. 
Considering reactor configuration, no statistical differences in copper and zinc 
removal existed between the downflow inoculated and soaked reactor and the 
upflow inoculated and soaked reactor for both metals. Zinc removal for the 
National dry reactor showed a difference when compared with the soaked 
reactor.
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4.1.2 1991 Field Experiments - Big Five
4.1.2.1 Field Measurements
Figure 7a shows the reactor flow rates that ranged from 7 mL/min to 34 
mL/min. As the flow rate increased the pH declined as Figure 7b shows the pH 
for the mine drainage and reactor effluent for the Big Five experiment.
The mine drainage Eh ranged around 630 mV to 660 mV as shown in 
Table B-3. The effluent values ranged initially from 250 mV and 220 mV for the 
dry and soaked, respectively, and decreased to as low as 5 mv and -10 mv.
At the start of the experiment in July, 1991, the reactor effluent
temperature ranged from 20° C. to 23° C. As shown in Table B-3, the 
temperature decreased steadily to values of 7° C. to 9° C. by the end of data 
collection in mid-November. Big Five mine drainage typically has a water 
temperature of 16° C. during summer months and 14° C. during fall months.
4.1.2.2 Sulfate and Metal Removal
Sulfate concentration of the Big Five mine drainage tended to vary 
between 1820 and 1850 mg/L throughout this experiment as shown in Table B-
3. The dry reactor effluent had an initial value of 2040 mg/L, 200 mg/L over the 
measured mine drainage value while the soaked reactor was slightly less than 
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reactors had dropped to values of approximately 1000 mg/L The effluent 
sulfate concentration began to rise and by day 132 were nearly equivalent to 
the mine drainage sulfate concentration.
Figure 8 shows metal concentration for iron and manganese for the Big 
Five reactors., Mine drainage iron concentrations varied between 37 mg/L and 
51 mg/L while manganese concentrations varied between 35 mg/L and 37 
mg/L. Iron reached a maximum removal of 98 % by day 35. The soaked 
reactor showed higher iron removal from day 49 to the end of the experiment. 
Manganese was removed more effectively in the soaked reactor during the first 
80 days with the exception of the first week. At day 84 manganese removal 
declined to approximately 48 percent, that is, the effluent contained 18.6 mg/L 
of the total 35.5 mg/L manganese contained in the mine drainage. Statistical 
analysis indicated no significant difference in both metal removals for dry and 
soaked substrates.
The removal of copper and zinc from the Big Five mine drainage dry and 
soaked reactors is shown in Table B-3. For both copper and zinc, the metal 
removal was typically above 98 percent and statistics verified no significant 
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The values for area loading and hydraulic loading, as well as surface 
area required, are calculated for each drainage using data from the downflow 
inoculated and soaked reactor only.
4.1.3.1 Area Adjusted Loading Rates
Figure 9 shows the percent removal for total, iron and manganese for 
each mine drainage. From the metal removal data "area-adjusted" loading rates 
can be determined (Hedin and Nairn 1990). The "area-adjusted" loading rate is 
defined by the average amount of metal that each square meter of wetland is 
exposed to per day. This text will refer to this value as area loading rate and is 
calculated in units of grams per day per square meter (gdm).
Area loading rates are calculated as (Hedin and Nairn 1990):
Rate (AR) = flM J  - rM„„1)(Q)(CF), (gdm) (4.1)
A
where: [M] = concentration of metal, (mg/L)
md =  mine drainage
cell = reactor cell effluent
Q = flow rate of mine drainage into reactor, (mL/m)
CF = conversion factor of 1440, (min/d)
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Figure 9. Percent removal of total metals, iron and manganese for National (a), 
Quartz Hill (b), and Big Five (c).
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Area loading rates are calculated using equation (4.1) for the National 
Tunnel, Quartz Hill Tunnel, and Big Five mine drainages and are shown in Table
4. Ranges and averages are provided for total, iron, and manganese metal 
loading at varying flow rates.
Iron and manganese loading rates for each drainage are shown in Table
5. These rates are based on meeting effluent concentration discharge 
standards of 3 mg/L and 2 mg/L for iron and manganese, respectively (U.S. 
Code of Federal Regulations 1985a, 1985b). These loading values were 
determined for comparison with Bureau of Mines (BOM) and Tennessee Valley 
Authority (TVA) recommendations and will be discussed later in this chapter.
4.3.1.2 Hydraulic Loading Rates
Hydraulic loading rate is defined by the flow per unit area in units of 
cubic meters per day per square meter (m3/d/m2 or m/d).
The following calculation determines hydraulic loading:
Rate (HLR) = (Q)(CF) 
A
(4.2)
where: Q flow rate of mine drainage into reactor, (mL/min) 
conversion factor of 0.00144, (m3/d)
0.204 m2, area of reactor, (m2)
CF
A
Equation (4.2) was used to calculate ranges for hydraulic loading for
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Table 4. Area loading rates at various flow rates for the downflow, inoculated 
and soaked reactor.





Big Five 3.0 8 - 1 5 4.00 - 9.39 2.36 - 2.87 2.19 - 2.29
6.68 2.94 2.12
15-34 6.22 - 7.27 4.04 - 9.09 1.80- 1.81
8.75 8.57 1.81
National 5.6 4 - 8 1.83-3.47 1 .04-2.05 0.48 - 0.90
2.73 1.60 0.79
2 0 -3 5 7.88 - 15.07 5.57 - 11.55 0.71 - 2.05
11.31 8.15 1.51
Quartz Hill 2.5 0.3 - 1.5 2.01 - 9.41 1.44-7 .04 0 .1 6 -0 .74
6.22 4.36 0.47
1 .5 -2 .9 9.41 - 19.49 6.30 - 13.84 0.48 • 0.90
13.51 9.48 0.70
* Ranges shown with average below 
ALR =  Area Loading Rate
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Table 5. Area loading rates for iron and manganese to meet effluent
concentrations of 3 mg/L and 2 mg/L, respectively, for the inoculated and 
soaked downflow reactor.1
Drainage pH Total Metal 
Cone. 
mg/L














0.61 - 0.159 
0.317
Mn 36 94.4 1 .80-2 .19
2.00
(0.46 - 0.44) 
(0.50)
0.80 - 0.66 
0.72




4 .97 -0 .125
0.27








2.5 »  978 Fe 693 99.6 1 .44-8 .30
4.59
(0.69 • 0.12) 
(0 22)
1.0 - 0.174 
0.33
Mn 81 97.5 0 .1 6 -0 .67
0.42
(6.25 - 1.49) 
(2.38)
9 .0 -2 .1 5
3.43
Typical effluent discharge standards for Fe and Mn applied to eastern coal mines (U.S. Code of Federal Regulations 1985a, 1985b).
2 % Fe Removal Required =  ([metals in mine drainage] • 3 mg/L)/[meta!s in mine drainage] x 100.
% Mn Removal Required =  ([metals in mine drainage] - 2 mg/L)/[metals in mine drainage] x 100.
3 Area loading rate (gdm) is shown with inverse value, or area required per loading (m2/gd) in parenthesis.
4 Area loading rate (LR) shown in units of m2/mg/min converted from m /gd . 
m2/gd =  1/gdm2
m2/mg/min =  1.440 x m2/gd
Abbreviations: ALR Area Loading Rate
HLR Hydraulic Loading Rate
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each drainage. Hydraulic loading is shown in Figure 10 versus percent removal 
for all three drainages.
4.1.3.3 Wetland Surface Area
Area required for treatment is calculated based on area loading rates as
follows:
Area = JMJ (Q ) (4-3)
(CF) (ALR)
where: ALR = area loading rate, (gdm)
[Mmd] = mine drainage metal concentration, (mg/L)
Q = average flow rate of mine drainage, (L/d)
CF = conversion factor of 1000, (g/1000mg)
An estimation of the required wetland treatment area for each drainage is 
calculated using equation (4.3) and is shown in Table 6. The wetland is 
assumed to operate anaerobically in a subsurface flow and is approximately 3 
feet (1 meters) in depth. As shown in the table, the percent metal removal 
required is based on the Secondary Maximum Contaminant Levels (SMCLs) 
(U.S. EPA 1991). However, with required removal greater than 99 percent, area 
loading rates compiled were at greater than 95 percent removal. The area 
loading rate used is a conservative estimate for metal removal and the final 
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Figure 10. Hydraulic loading rates versus percent total metal removal for 
Quartz Hill, National, and the Big Five.
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Table 6. Loading and area estimation for anaerobic wetlands treatment system 
to meet secondary maximum contaminant levels utilizing data from 






















Big Five 3.0 163,300 Fe » 4 2 89.3 2.36 -4.04 
2.96
(0.42 - 0.25) 
(0.33)
6860 2,260 0.55
Mn ® 36 99.9 2 .19 -2 .29
2.22
(0.46 - 0.44) 
(0.45)
5880 2,650 0.65





Mn «  22 99.8 NA _ - _
Quartz Hill 2.5 8800 Fe »  683 99.9 1 .44-13.64
5.01
(0.69 • 0.07) 
(0.20)
6780 1,380 0.34
Mn *  81 99.9 0 .16 -0 .74
0.44
(8.25 • 1.35) 
(227)
794 1,800 0.45
* Secondary maximum contaminant levels: Cu =  1.0 mg/L Fe =  0.3 mg/L
Mn =  0.05 mg/L Zn =  5 mg/L
2 % Total metals removal required =  ([metals in mine drainage] - maximum contaminant level)/[metals in mine drainage] x 100.
3 Area loading rate (gdm) for metals removal > 85 percent, shown with inverse value, or area required per loading (m2/gd) in parenthesis.
*  Total loading (g/d) = (metal concentration (mg/L) x flow rate (L/d))/(1000 mg/g)
5 Area (m2) =  Total loading x ALR (m2/gd), 1 acre =  4047 m2
Abbreviations:
ALR Area Loading Rate
HLR Hydraulic Loading Rate
% Rem. Req. Percent Removal Required
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4.1.3.4 Wetland Volume and Detention Time
An assumption of the experiments was that the substrate depth in the 
reactor was a typical depth of a wetland. Therefore, it was assumed that the 
depth of operation was equal to approximately 3 ft (1 meter). Volume for the 
wetland is then calculated by the area determined in equation (4.2) and the 
assumed depth.
Detention time is typically defined as a function of volume, flow rate, and 
porosity. However, as the hydraulic loading rate was determined with equation 
(4.3) in terms of meters per day, and an assumed wetland depth of 3 feet (1 
meter), the detention time in units of days is derived by:
Time (HDT) = JD _  (4.4)
HLR
where: D -  depth of wetland, (m)
HLR = hydraulic loading rate, (m/d)
Hydraulic loading rate versus percent total metal removal is shown in 
Figure 10. From this figure an estimate of detention time utilizing equation (4.4) 
can be determined for the required metal removal of each drainage.
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4.2 DISCUSSION
4.2.1 Metal Removal Discussion
4.2.1.1 Initial Substrate Conditions
Three initial substrate conditions were evaluated over the first seven 
weeks of experimentation for both National and Quartz Hill. Statistical analysis 
verified that metal removal between substrate treatments for both drainages 
was equivalent for copper and zinc with one exception being the National dry 
versus soaked reactors. A difference in iron removal was observed between 
the dry and soaked reactors (not the inoculated and soaked) at National 
Tunnel. Also, manganese removal varied for all three substrate conditions at 
the National Tunnel. However, Quartz Hill iron and manganese metal removals 
were equivalent under all three substrate conditions.
The inoculated and soaked substrate at National showed slightly higher 
iron removal than the soaked substrate which may be attributed to the stronger 
presence of sulfate reducing bacteria in the inoculum. Statistical analysis 
indicated no significant difference between the soaked reactors.
Despite a higher flow and lower pH in the dry National reactor, iron 
removal in the dry substrate was higher compared to the other reactors. The 
iron removal remained constant over time, while the other reactors exhibited a 
gradual increase over the first 40 days. The initial higher iron removal may 
occur due to available unsaturated sites within the dry substrate, thus allowing
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iron adsorption. While sulfate concentration in the dry reactor had only 
decreased approximately 30 mg/L after 7 days of operation, by day 35 it had 
decreased by 260 mg/L, indicating sulfate reduction within the reactor.
For the National experiment, the dry reactor exhibited lower manganese 
removal than the other substrate conditions, as shown in Figure 6 and 
statistically. This can be attributed to fluctuation in flow between 24 mL/min and 
40 mL/min and in pH between 6.6 and 7.3. Without a pH above 7.0, 
manganese removal is not expected (Bolis et al. 1991). The other reactors did 
not exhibit these variations. The difficulty in controlling the flow of this reactor 
could indicate short circuiting of the water or channeling of the water within the 
dry substrate.
The Quartz Hill reactors showed consistent metal removal for all three 
initial substrate conditions. As opposed to the National experiment, flow and 
pH were both stable and consistent for all reactors providing optimal conditions 
for comparison. However, despite the constant high metal removal operated 
under these flow rates, removal under fluctuating field conditions was not 
tested.
Finally, initial metal removals in the 1991 Big Five experiment between 
inoculated dry substrate and inoculated and soaked substrate indicated no 
significance difference. It can be concluded, only for metal removal, that an 
inoculated dry substrate would perform similar to a soaked substrate, as this
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system performed similar to the National soaked and inoculated and soaked 
reactors. This may be due to the inoculum being a wet substance, when mixed 
with a substrate provided a healthy bacterial growth in one week. Performing 
as the National dry reactor, the Big Five dry and inoculated reactor did not 
exhibit consistent flow, an important substrate characteristic for developing a 
passive system.
4.2.1.2 Downflow Versus Upflow Configuration
Results from the downflow inoculated and soaked reactor and the upflow 
inoculated and soaked reactor indicate equal metal removal over the first seven 
weeks of operation. Statistical analysis verified these results for copper, iron, 
manganese, and zinc removals for the National Tunnel and Quartz Hill 
experiments. This indicates that the downflow testing is an appropriate method 
for preliminary low flow studies compared with an upflow configuration. The 
downflow configuration was not only easier to construct, but easier to operate 
and maintain in the field. Short circuiting of water through the substrate was a 
concern with the downflow configuration design, however, this was avoided by 
low flow operation, a constant depth of water above the substrate surface, and 
soaking the substrate in some cases.
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4.2.1.3 Overall Metal Removal Trends
Several observations were made for overall metal removal from all three 
mine drainages. While copper and zinc were removed nearly 100 percent 
throughout each experiment, iron and manganese showed variation in removal. 
Iron removal gradually increased during the first 40 to 50 days from about 90 
percent to nearly 100 percent. Manganese removal was higher than iron 
initially, typically over 90 percent (with the exception of the dry National reactor), 
and over 98 percent in the Quartz Hill reactors, but declined as flow rates were 
increased. Finally, iron removal declined late in the experiment as flow rates 
were increased.
The anaerobic removal of the metals can be attributed to the 
precipitation of metal sulfides under reducing conditions. Metal sulfides are 
expected to precipitate in an order of copper and zinc most readily, followed by 
iron and then manganese (Machemer and Wildeman 1992). However, 
manganese precipitates as manganese carbonate (MnC03, or rhodocrosite) 
under reducing conditions more readily than precipitation as manganese sulfide 
(MnS or alabandite) (Garrels and Christ 1990) as shown:
Mn2+ + HC03' ->  MnCOa + H+
Also, Machemer and Wildeman (1992) found that manganese can be removed 
by adsorption onto the substrate in the early stages of wetland operation.
The reactors showed immediate, and sometimes maximum manganese
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removal, In the first week of operation. Maximum iron removal was initially 
observed around day 40 through 60, that corresponded to the initial decline in 
manganese removal. As manganese precipitates less readily than the other 
metal sulfides, iron removal as a sulfide should be more dominant than 
manganese in the early stages of experimentation. However, while some 
adsorption of manganese may have occurred initially, specifically in the dry 
reactor, a decrease of sulfate in the effluent indicates metal removal by sulfide 
precipitation. Therefore, another process for high manganese removal is 
indicated.
The removal of manganese dramatically declines after days 45 and 50 
for National and Big Five and between days 30 through 60 for Quartz Hill. This 
corresponds to a decline in pH values to less than approximately 7.3 indicating 
the lack of necessary conditions for precipitation of manganese carbonate. 
Therefore, this indicates manganese is removed by a process other than the 
ongoing sulfide precipitation, that of precipitation of manganese carbonate.
As manganese removal decreased, the iron removal, as well as the 
removal of copper and zinc remained constant. As metal sulfide precipitation is 
not necessarily dependent on pH at values greater than 5.5 (Machemer and 
Wildeman 1992), these metals are continually being removed by this process as 
indicated by the decrease of sulfate in the effluent. The decrease in 
manganese removal, caused by the decrease in pH, indicates that manganese
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is precipitated as manganese carbonate and not as a sulfide.
Adsorption of metals varies with fluctuations in pH (Machemer and 
Wildeman 1992). If manganese were removed by adsorption, the decrease in 
manganese removal may be due to the desorption of manganese and the 
exchange of iron to the available organic sites (Machemer and Wildeman 1992). 
However, while iron and copper are more strongly adsorbed than manganese 
and zinc (Machemer and Wildeman 1992), desorption, or a decrease in zinc 
removal would occur with manganese. Therefore, the process of manganese 
adsorption and potential desorption does not appear to be the cause for the 
manganese removal decline.
Finally, iron removal declined toward the end of the experiment for all 
drainages as the flow rate, or iron loading was increased. The excess metals 
loaded into the system exceed the sulfide production rate of the sulfate 
reducing bacteria (Reynolds 1991). The sulfide then becomes the limiting 
reagent, as there is not sufficient sulfide available to precipitate the metals. As 
this occurs, pH as well as metal removal declines. For both National and Big 
Five, the temperature decrease toward the end of experimentation may have 
caused a decline in bacterial activity as sulfate reducing bacteria become less 
active at lower temperatures (Postgate 1984). Note the temperatures declined 
from values of over 20°C. to values around 5°C. to 8°C. Therefore, with the 
increased flow, or higher loading, the microbial activity may not have been
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adequate to sufficiently precipitate the metal sulfides.
4.2.2 Calculated Results Discussion
As discussed previously, and shown in Figure 9, percent removal of total 
metals decreased with time while percent iron removal was nearly 100 percent. 
When manganese removal decreased, total metal percent decreased. 
Depending on total metal concentrations, and required effluent discharge 
standards, this may be an important factor in metal loading determination. 
Therefore, Table 4 shows loading rates for total metals as well as iron and 
manganese.
The area loading rates reported in Table 5 are based upon coal mine 
discharge standards for comparison to the TVA recommendations (Table 2) 
(Brodie 1990). Brodie recommends 2 m2/mg/min and 7 m 2/m g /m in  for iron and 
manganese, respectively, at low pH (Table 2). Results for Big Five and Quartz 
Hill indicate iron loading rates of around 0.159 m7mg/min to 0.610 m2/mg/min 
and 0.174 m7mg/min to 1.0 m2/mg/min, respectively. Ranges for manganese 
loading are 0.66 m2/mg/min to 0.80 m2/mg/min for Big Five and 2.15 m2/mg/min 
to 9.0 m2/mg/min for Quartz Hill. These rates do not include a safety factor, 
however, Brodie recommends doubling the design area (1990). Doubling the 
Big Five rates provide loading rates lower than Brodie’s recommendations.
For drainage with a pH greater than 5.5, 0.75 m2/mg/min and 2
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m7mg/min are recommended rates for iron and manganese (Brodie 1990). As 
shown in Table 5, the reported results for the National drainage correspond to 
these recommendations.
Comparing with the BOM recommendations (Table 2), for various pH 
ranges, calculated results shown in Table 5 are similar (Hedin and Nairn 1990, 
Kleinman et al. 1990). The recommended loading rate for iron at a pH less 
than 3.0 is around 4 gdm. The average loading rates for the Big Five and 
Quartz Hill are approximately equal at around 4.5 gdm. Iron loading for the 
National drainage averages around 5.4 gdm, while the BOM recommends 
around 10 gdm for drainages with a pH of 4.0 to 5.0.
The estimated wetland area required to treat total metals in each 
drainage is shown in Table 6, using an estimated loading rate and an assumed 
depth of 3 feet. The table shows that the required wetland area to treat 
individual metals from each drainage with ranges between 0.3 acres and 0.7 
acres. This calculation is determined from average flow rates of each mine 
drainage.
To summarize, recommended area loading rates to treat total metals for 
these drainages are included in Table 7. Based on these results, no correlation 
in pH is indicated with the area loading rate. These loading rates represent an 
average value that showed effective metal removal at low flow rates as indicated 
in Table 4. It may be assumed that higher pH drainages may be treated at a
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Table 7. Recommended area loading rates for anaerobic wetlands treatment of 
acid mine drainage for metal mines.1
pH Metals Concentration ALR
mg/L gdm
3.0 «  90 (low) 6.7
2.5 «  1000 (high) 6.2
5.6 80 (low) 2.7 2
1 These values do not include a safety factor.
2 Lower limit and range of recommended value.
ALR Area loading rate
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higher rate of loading (Kleinmann et al. 1990). Values for the low pH drainages 
are similar to the BOM recommendation of 4.0 gdm. The values for National 
are approximately 2.7 gdm and are low considering the pH of the drainage and 
the recommended BOM value of 10.0 gdm. These lower values could be due 
to the variation in field data collection and flow variation. It is suggested that 
2.7 gdm is recommended as the lower limit for loading for drainages at pH of 
greater than 5.0.
Finally, Figure 10 shows hydraulic loading rates at various percent metal 
removals for the drainages. This curve shows the importance of residence time 
in an anaerobic system. As the flow rate was increased, thus an increase in 
hydraulic loading, the metal removal decreased. For example, the graph 
indicates the optimal hydraulic loading rate for the Quartz Hill drainage is less 
than 0.01 m/day. This loading rate represents the required residence time for 
effective treatment. Assuming a depth of 3 feet, or 1 meter, the residence time 
is equal to 100 days to effectively treat 1 meter of water, or 0.01 m3/d can be 
treated per square meter of wetland.
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Chapter 5 
RESULTS AND DISCUSSION - 
HYDRAULIC CONDUCTIVITY OF SUBSTRATE
5.1 RESULTS
The following chapter presents the results of the lab and field hydraulic 
conductivity experiments from 1990 and 1991. Calculations for computing 
hydraulic conductivity are shown in Chapter 3, Materials and Methods chapter. 
The hydraulic conductivity data from all experiments are shown in Appendix C. 
Statistical analysis was performed on the data and is shown in Appendix E.
The t test was used at a 0.05 level of significance.
5.1.1 1990 Bench-scale Results
Hydraulic conductivity measurements are plotted versus time for the 
National and Quartz Hill Tunnels reactor experiments as shown in Figure 11. 
Both figures present the results from three simultaneously operated reactors 
with varying initial substrate conditions.
Initially, the hydraulic conductivity of the soaked National Tunnel was less 
than 5.0 x 10'3 cm/sec for the first 42 days and then increased to stabilized at 
approximately 5.0 x 10'3 cm/sec as shown in Figure 11a. Overall, the dry 
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Figure 11. Hydraulic conductivity for the National Tunnel drainage reactors (a) 
and Quartz Hill drainage reactors (b) with a manure-planter soil substrate 
operated under three initially substrate conditions in a downflow 
configuration and one substrate condition in an upflow configuration.
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downflow reactors show an increase in hydraulic conductivity from less than 5.0 
x 10'4 cm/sec for the first 42 days and then an increase to nearly 5.0 x 10'3 
cm/sec by day 126. The hydraulic conductivity of the initially dry reactor 
stabilized quickly averaging approximately 8.0 x 10* cm/sec. Statistical analysis 
indicated no significant difference in hydraulic conductivity between the soaked 
reactors but a difference between the dry and soaked reactors from days 14 
through 42. Comparing hydraulic conductivity during days 56 through 126, no 
significant difference exists.
Hydraulic conductivity measurements for the Quartz Hill reactors are 
shown in Figure 11b. In the initially dry reactors, the hydraulic conductivity 
varied from 6.0 x 10'4 cm/sec to 2.0 x 10'3 cm/sec in the first 40 days, then 
decreased to less than 1 x 105 cm/sec (days 38 - 54). Hydraulic conductivity of 
the soaked reactors was initially lower than that observed in the dry reactor for 
the first 50 days, ranging from 1.0 x 1C4 cm/sec to 5.0 x lO'4 cm/sec. Statistical 
analysis showed no significant difference exists between the soaked and 
inoculated and soaked substrates during this time period. However, the 
difference between the average hydraulic conductivity in these reactors and the 
dry reactor is significant. The hydraulic conductivity in the soaked reactors 
increased to at least 3.0 x 10'3 cm/sec by day 123.
The behavior of the soaked Quartz Hill reactors is similar to that of the 
soaked reactors of the National Tunnel; hydraulic conductivity in both sets
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increased by nearly one order of magnitude during the experiment (starting at 
less than 1.0 x 10-4 cm/sec and increasing to approximately 5.0 x 10*3 cm/sec by 
day 132). The magnitudes of the hydraulic conductivities in both sets of 
soaked reactors are equivalent.
An upflow soaked and inoculated reactor was started in place of the dry 
downflow reactor. Hydraulic conductivity measurements began on days 98 and 
89 for National and Quartz Hill, respectively. As shown by the National soaked 
downflow data, hydraulic conductivity increases over time nearly one order of 
magnitude. The hydraulic conductivity of the soaked and inoculated upflow 
reactor (days 98 - 126) is higher that the soaked and inoculated downflow 
reactor (days 14 - 28). However, statistical analysis verified no significant 
difference between the two configurations.
For Quartz Hill, under the same initial substrate conditions, the upflow 
reactor (days 89 - 123) indicated lower hydraulic conductivity values then the 
downflow reactor (days 38 - 54). Statistical analysis indicates a significant 
difference between the hydraulic conductivity values of the two configurations.
The inconsistency in hydraulic conductivity of the dry substrate and the 
increase in conductivity with time for the soaked substrates makes it difficult to 
recommend laboratory tests that give realistic values for the hydraulic 
conductivity of a wetland substrate. For this reason, field experiments were 
performed in 1991 for approximately 140 days to determine whether 1990
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results could be duplicated. Also, laboratory permeameter experiments were 
conducted to see how well the values corresponded to the field results.
5.1.2 1991 Bench-scale Results
Figure 12a plots the hydraulic conductivity versus time for the inorganic 
limestone reactors over 132 days of experimentation. The measured hydraulic 
conductivities for both reactors ranged between 1.0x1 O'3 cm/sec and 1.2 x 10'2 
cm/sec. Statistical analysis indicates no significant difference in hydraulic 
conductivity between the dry and soaked limestone between days 5 through 
49, but a difference between days 54 through 132 and 5 through 132. The 
average hydraulic conductivity for the reactors in days 5 through 49 was 5.4 x 
10'3 cm/sec. For the dry and soaked reactors after day 54 the hydraulic 
conductivity was 4.98 x 103 cm/sec and 2.17 x 103 cm/sec, respectively.
Substrate samples were taken from both the initially dry and soaked 
limestone reactors after day 132. Limestone rock sizes of the initially dry 
reactor ranged from 1/8 inch to 1/2 inch and the initially soaked reactor ranged 
from 1/16 inch to 1/4 inch. During the experiment, the initially dry reactor 
substrate compacted approximately 6 cm while the soaked reactor substrate 
compacted approximately 3 cm.
Hydraulic conductivity of the organic manure reactors versus time is 
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Figure 12. Hydraulic conductivity for the Big Five Tunnel drainage reactors with 
a limestone-alfalfa substrate (a) and a manure-planter soil substrate (b) 
operated under two initial substrate conditions in a downflow configuration.
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fluctuated between 1.0 x 10'4 cm/sec and 6.0 x 10'3 cm/sec during the first 80 
days of experimentation. During the last 50 days the hydraulic conductivity 
fluctuated between 9.0 x 10'4 cm/sec and 7.0 x 10'3 cm/sec. Hydraulic 
conductivity of the soaked manure reactor ranged between 4.0 x 10'4 to 1.0 x 
10"3 cm/sec for the first 80 days of experimentation, then increased gradually to 
6.9 x 10'3 cm/sec. Statistics verify a difference in hydraulic conductivity between 
dry and soaked substrate from days 5 through 49 and days 54 through 132, 
but show no difference between days 5 through 132.
Substrate samples taken at the end of the experiment from the organic 
substrate reactors indicate sizes ranging from fines to 1/8 inch. Compaction 
measurements indicate that throughout the 132 days of experimentation the 
substrate compacted approximately 1 cm to 2 cm.
5.1.3 1991 Lab Results
The hydraulic conductivity values for constant head and falling head lab 
experiments for three substrates are shown in Table 8. For comparison, Table 
8 also contains the hydraulic conductivity for all field experiments. Lab 1990 
and field 1990 represent the Quartz Hill and the National Tunnel experiments, 
respectively. Lab 1991 represents the permeameter experiments that included 
both constant head and falling head.
The 1991 lab tests hydraulic conductivity values ranged from 2.0 x 10'3
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D 4.0 x 10'6 - 2.0 x 10'3 NE NE
S 4.4 x 10^  - 2.9 x 10"3 NE NE





D 3.7 x 10'3 - 1.1 x 10'2 NE NE
S 3.5 x 10'5 - 7.2 x 10"3 NE NE











D 2.1 X 10"2 2.0 x 10"2 2.7x1 O'2





Dl 9.9 x 10’® - 7.1 x 10*3 2.1 x 10"3 - 1.3 x 10'2 NE
IS 3.4 x lO ^ - e .O x  10'3 1.3 x 10"3- 8.8 x lO'3 NE
LAB 1990 =  Quartz Hill bench-scaJe lab experiments.
® FIELD 1990 =  National Tunnel bench-scale field experiments.
°  LAB 1991 =  lab permeameter testing of substrates.
* *  FIELD 1991 =  Big Five bench-scale field experiments.
e  No conductivity values could be obtained in the lab.
ABBREVIATIONS:
NE Not evaluated as part of this experiment
0 Substrate initiaJly dry.
S Substrate initially soaked.
IS Substrate initially inoculated.
Dl Inoculated dry substrate.
SI Inoculated soaked substrate.
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cm/sec to 7.3 x 10*2 cm/sec. The values shown represent an average of at least 
three tests. Note that the table shows the range of hydraulic conductivity for 
each substrate analyzed.
5.2 DISCUSSION
5.2.1 Field Experiment Discussion
Figure 11 shows the initially dry substrate has a higher hydraulic 
conductivity than the soaked substrate. Hydraulic conductivities of the 
substrates that had been soaked, including the inoculated reactors, increased 
after about 40 days to values approximately that of the dry substrate.
In the 1991 experiments, the dry limestone hydraulic conductivities 
remained fairly consistent over time as shown in Figure 12a. Soaked limestone 
showed a slightly downward trend over time but remains within the same order 
of magnitude of hydraulic conductivity as the soaked substrate.
The manure used in the 1991 experiment, as shown in Figure 12b, was 
the same substrate as the 1990 experiment. The hydraulic conductivity of the 
dry substrate is higher than the soaked substrate but the values for the soaked 
gradually increase to the same level. This behavior is similar to that observed 
in 1990. Therefore, the limestone substrate that is primarily inorganic 
performed different than the manure substrate, that is primarily organic.
Studies report that bacterial growth can block the pore space and that
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bacterial growth in a wetland treating landfill leachate decreased the hydraulic 
conductivity by 50 pet after 2 weeks (Staubitz et al. 1989). The soaked and 
inoculated substrate in Figure 11 had anaerobic conditions for 1 week that 
would allow for a microbial population to become established and thus, lower 
conductivity. This is also shown in Figure 12b with the soaked manure system. 
However, the alfalfa in the limestone substrate also promoted growth of bacteria 
but the soaked reactor has a hydraulic conductivity similar to the dry reactors 
and decrease through time.
Bacterial activity cannot explain all the observed trends in the hydraulic 
conductivity. The components of the substrate matrix also affect the hydraulic 
conductivity, specifically the grain size, pore space and permeability. Another 
explanation for the trends seen in the manure-soil substrate is that organic 
material swells when it is soaked and this causes the pore space to decrease. 
This would explain why the soaked organic substrate has a lower initial 
hydraulic conductivity. However, it does not explain why the hydraulic 
conductivity increases with time. The hydraulic conductivity of the soaked 
organic substrate may increase with time as the fines and loosely attached 
bacteria are worked out. Also, initial low hydraulic conductivity may be due to a 
buildup of anaerobic slimes that are clogging the substrate (Watson and 
Hobson 1989). As the reactors operate, the slime buildup may be slowly 
removed, therefore causing the increase in hydraulic conductivity. An aerobic
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wetland system with plant growth will also show an increase in hydraulic 
conductivity due to root structures (Trautman et al. 1989). However, this is not 
the case in these experiments.
Significant fluctuations in the hydraulic conductivity of the dry substrates 
occurred in the first 40 days of experimentation for both years. The variation of 
the conductivity may be due to the bacterial population becoming established, 
Additionally, entrapped air, and gases such as C 02 and CH4, are generated 
within the substrate, and may clog pore spaces. Reaction of the limestone 
substrates with the drainage would create hydroxide and carbonate precipitates 
and this would block the pores. Because of this wide variation in hydraulic 
conductivity, the dry reactors were more difficult to maintain at a constant flow 
in the 1990 and 1991 field experiments.
The soaked manure substrate yielded the most consistent and easily 
controlled hydraulic conductivities, as soaking the substrate for one week 
allowed microorganisms to become acclimatized. A consistent hydraulic 
conductivity is preferred in subsurface treatment systems, particularly in 
systems with limited area and volume, as it facilitates attachment of 
microorganisms to the substrate matrix (Steiner and Freeman, 1989).
T-4113 75
5.2.2 Lab Experiment Discussion
The 1991 lab experiments show hydraulic conductivities for the inorganic 
substrate that are comparable to the field results. However, the manure 
substrate, both soaked and dry, have higher conductivities than their field 
counterparts. For the lab tests the substrate was soaked overnight. This 
probably is long enough to cause swelling of the organic material, but it is not 
long enough inoculation time for the bacteria or time for air to be eliminated 
from the substrate. Also, the hydraulic conductivity differences could be due to 
differences in packing and possible sorting of the substrate constituents. It can 
be concluded that laboratory measurements of hydraulic conductivity will give 
higher values than field measurements.
5.3.3 Comparison to the Literature
The hydraulic conductivity values of substrate or materials used in 
wetlands wastewater treatment systems shown in Table 3 range from 10 
cm/sec to 1 x 10'5 cm/sec, depending on the substrates. The reported values 
of this research range from 1.0 x 10"1 cm/sec to 3.0 x 105 cm/sec for field 
experiments only. These values are on the lower end of the range of values in 
Table 3. The 1990 experiments show comparable results to the 1991 field 
experiments.
Lemke (1989) evaluated mushroom compost used in the treatment of
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mine drainage; downflow hydraulic conductivity values ranged from 2.96 x 1C4 
cm/sec to 3.5 x 10'3 cm/sec. The 1990 and 1991 bench-scale data encompass 
this range. Lemke reported upflow hydraulic conductivity values ranging 1.38 x 
102 cm/sec to 6.65 x 102 cm/sec. The 1990 upflow hydraulic conductivity 
ranges from 2.5 x 10* cm/sec to 5.9 x 10'3 cm/sec.
Most of the other hydraulic conductivity values reported in the table were 
determined using soils and gravel. The hydraulic conductivity of the soils 
average 3.0 x 10‘3 cm/sec and the gravels range from 1 x 101 cm/sec to 3.4 x 
10*3 cm/sec. The pulverized fuel ash (burnt coal waste), used by Copper and 
Hobson (1989), had a lower hydraulic conductivity than the other substrates 
listed and exhibited surface flow. The old natural reed beds were reported to 
have hydraulic conductivity values of 5.0 x 10*4 cm/sec, one of the lower values 
listed in the table. This value suggests that the hydraulic conductivity may 
decrease over long periods of time.
Finally, lab tests of a homogenous mixture and a sorted substrate show 
hydraulic conductivity values higher than the other reported values (Staubitz et 
al. 1989). This is consistent with the 1991 lab tests that were approximately one 




Results from this research, evaluating three diverse mine drainages, 
indicate the bench-scale method is feasible for the determination of preliminary 
design criteria for anaerobic wetlands treatment of acid mine drainage. As an 
effective low cost system, the bench-scale method can provide useful 
information on the interaction of a drainage and substrate within only two to 
three months. As a component of the staged design concept of wetlands, the 
bench-scale data, combined with laboratory analysis, provide Useful information 
for the design and expansion to a pilot treatment system.
6.1 SUBSTRATE TREATMENT AND SYSTEM CONFIGURATION
The results from pre-treatment of reactor substrate prior to operation 
indicated no major differences in metal removal, with the exception of iron and 
manganese in the field experiments. Compared with the soaked substrates, the 
dry system operated poorly in the field due to varying flow rates. While 
substrate inoculation did not facilitate more effective metal removal, it was 
apparent that overall metal removal is more effective if the substrate is soaked. 
Therefore, results indicate that anaerobic conditions provided more consistent 
flow.
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The evaluation of metal removal in both a downflow and upflow reactor 
configuration, with equal substrate treatments, showed no differences, 
indicating either can be used for bench-scale experiments. Also, this indicates 
that in a larger scale system, both configurations would perform equally. The 
recommended configuration for further low flow studies is the downflow method 
as it allows for more efficient experimental operation and maintenance.
Lab experimental results indicated more consistent metal removal and 
flow rates than field results. However, the field experiments showed the same 
metal removal trends and changes in effluent pH, thus indicating the viability of 
field operation.
6.2 METAL REMOVAL
Results showed an increase in mine drainage pH from as low as 2.5 to 
over 8.0 for all three drainages. Also, the data showed initial metal removal of 
Fe, Cu, Mn and Zn to nearly 100 percent. Metal removal is due to some initial 
adsorption but mostly to the anaerobic reduction of sulfate to sulfide, that 
promotes precipitation of metal sulfides. Coinciding with a flow increase, pH 
declined to less than 7.0, and only manganese removal decreased. This 
indicates that precipitation of manganese carbonate was the primary 
manganese metal removal mechanism. Therefore, results indicate for the 
anaerobic treatment of acid mine drainage, to insure removal of all metals, the
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pH must be maintained at above 7.0.
6.3 LOADING RATES
Results suggest that the removal of all metals in an anaerobic wetland 
system requires a pH of at least 7.0. Therefore, loading rates were determined 
from removal values only at these levels of percent removal. These rates, 
determined on a total metal basis, as compared to an individual metal basis, 
provide the optimal loading for the anaerobic removal of all metals, including 
manganese. Therefore, area loading rates for the drainages are: 6.7 for the Big 
Five, 6.2 gdm for Quartz Hill, and a minimum of 2.7 for the National Tunnel.
Area loading rates determine the minimum size of wetland surface area 
required. Similarly, the flow rate is indicative of the hydraulic loading rate, or 
what volume of water can be treated in a given time, thus providing a means 
for detention time determination.
Comparison with other loading rate recommendations indicates loading 
rates in the three analyzed drainages would be comparable. The literature 
suggests a low pH drainage requires lower loading than that of a higher pH 
drainage. The data supported this with the reported loading rates for the low 
pH drainages.
The initial assumption to load the reactor systems with flows comparable 
to that of the Big Five were accurate. However, these rates demonstrated to be
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minimum as removal was typically nearly 100 percent. With an increase in flow 
rate, or increase in loading, removal declined. To summarize, to design for 
removal of a l l  metals, in an anaerobic system, a pH greater than 7.0 must be 
maintained, particularly for manganese removal.
6.4 HYDRAULIC CONDUCTIVITY
Experiments performed in 1991 confirmed that the assumption, found 
with 1990 experiments, that the hydraulic conductivity may vary with time and 
with initial substrate treatments. Again, as shown with metal removal, a 
substrate that is pre-treated, or soaked for a given time period with water, has a 
more consistent flow and initially is easier to operate. Therefore, a substrate 
with a hydraulic conductivity between 1 x 10  ̂cm/sec and 1 x 10'3 cm/sec is 
recommended. Also, startup should include soaking the system.
6.5 RECOMMENDATIONS
• Pre-treat a substrate by soaking with water prior to operation to obtain 
anaerobic conditions as well as maintain a constant flow system.
• For low flow studies, evaluate a substrate and metal removal in a downflow 
reactor as opposed to an upflow configuration as it is easier to operate.
• Maintain system effluent at a pH greater than 7.0 to insure manganese 
removal by precipitation of manganese carbonate.
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• Hydraulic conductivity of a substrate may vary over time. The preferred 
substrate is one that allows for consistent flow, within hydraulic conductivity 
values between 1 x 10'4 cm/sec to 1 x 10‘3 cm/sec. An organic substrate 
therefore, is recommended over an inorganic substrate.
• Recommend area loading rates are approximately 6.5 gdm for a drainage 
with a pH of 3.0 and a minimum of 2.7 gdm for a drainage with a of pH of 
greater than 5.0.
6.6 RECOMMENDATIONS FOR FURTHER RESEARCH
Several aspects of the anaerobic treatment of acid mine drainage should 
be evaluated further. Studies on maximizing the anaerobic metal removal of Fe, 
Cu, Zn, and specifically manganese, in a multi-stage anaerobic or aerobic 
treatment system are of interest.
Further substrate studies are recommended to continue compiling data 
on hydraulic conductivity. Of specific interest is the determination of substrate 
decomposition and potential life in a wetland system, as well as the effects of 
varying hydraulic conductivity on metal removal.
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APPENDIX A 
REACTOR FLOW RATE CALCULATIONS
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The following calculations show reactor design flow rates of approximately 10 
ml/min and 1 ml/min for the National and Quartz Hill Tunnels, respectively. 
Reactors that were installed at the Big Five tunnel were set at 10 ml/min.
Big Five metals concentration (mg/L):
Fe + Mn + Cu + Zn =
(50 + 32 + 0.9 + 10 ) = 92 mg/L
National Tunnel metals concentration (mg/L):
Fe + Mn + Cu + Zn =
(42 + 19 + 0.18 + 7 ) = 68 mg/L
Quartz Hill metals concentration (mg/L):
Fe + Mn + Cu + Zn =
(920 + 63 + 77 + 91 ) = 1151 mg/L
Big Five Flow rate (Q): Q = 1/8 gpm/100 ft2
= 0.473 L/min/100 ft2
Assume: Big Five metals concentration =
National metals concentration
Then, flowrate required to remove metals should be equal.
National Tunnel Design Flow rate:
^ B ig  Five • ^National
^ B ig  Five ^National
100 ft2 2.2 ft2
N̂ational = (0-473 L /min / 100 ft2) x 2.2 ft2 
= 0.0104 L / min
= 10.4 mL/min  
«  10 mL / min
Assume: Quartz Hill Tunnel Design Flow rate:
^N ational 0  ^ -^ )^ Q u a r t z  Hill
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Assume: Quartz Hill Tunnel Design Flow rate:
^National : (12.2)QQuartzHill
^Quartz Hill 0 / ^  2.2)Q^ational
QouartzHHi = (1/12.2)(10.4 mL /  min)
= 0.85 mL /  min 
~  1 mL /  min
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APPENDIX C 
STATISTICAL ANALYSIS OF METAL REMOVAL: 
INITIAL SUBSTRATE CONDITIONS 
AND REACTOR CONFIGURATION
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TABLE C-1. Results of t test analysis at 0.05 level of significance for the
National Tunnel drainage comparing effects of initial substrate conditions on
metal removal over seven weeks.
HYPOTH.7 METAL MEAN VARIANCE RESULT7
n 1 n2 "p s 1 2
CM
V
COIIO Fe 2.06 8.90 5.75 0.412 38.56 21.2 NA
S =  ISD 8.90 4.12 6.51 36.56 22.71 30.64 A
D *= ISD 2.06 4.12 3.17 0.41 22.71 12.57 A
O =  S Cu 0.05 0.11 0.08 5x10*35 8.8x1 O'3 4.8X10"3 A
. S =  ISD 0.11 0.07 0.09 8.8X10'3 2.1x1 O'3 5.4X10-3 A
D =  ISD 0.05 0.07 0.06 6x1 O'35 2.1X1 O'3 1.2X10"3 A
O II CO Mn 11.59 1.24 6.01 31.18 0.125 14.24 NA
S =  ISD 1.24 1.66 1.44 0.13 0.07 0.097 NA
D =  ISD 11.59 1.66 6.24 31.18 0.07 14.21 NA
COIIa Zn 0.06 0.27 0.17 1.8x1 O '4 0.033 0.018 NA
S =  ISD 0.27 0.15 0.21 0.033 0.018 0.026 A
D =  ISD 0.06 0.15 0.11 1.6x1 O'4 0.018 9.9x1 O'3 A
7 Result indicates whether hypothesis (hypoth.) of two conditions tested should be equal.
ABBREVIATIONS:
D Dry substrate, downflow configuration
S Soaked substrate, downflow configuration
ISD Inoculated and soaked substrate, downflow configuration
ISU Inoculated and soaked substrate, upflow configuration
HYPOTH. Hypothesis
A Accept hypothesis
NA Do not accept hypothesis
n j and s^2 mean and variance of sample 1
n2 and s22 mean and variance of sample 2
n and s 2 P P mean and variance of pooled samples 1 and 2
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TABLE C-2 Results of t test analysis at 0.05 level significance for the National
Tunnel drainage comparing the effects of reactor configuration on metal
removal.
HYPOTH.T METAL MEAN VARIANCE RESULT*
n 1 n2 "P s , 2 S22
CM
ISD =  ISU Fe 4.12 4.67 4.32 22.71 4.86 18.76 A
IS D - ISU CU 0.07 0.12 0.09 2.1X10*3 0.014 6.2x1 O'3 A
ISD =  ISU Mn 1.66 1.20 1.49 0.07 1.19 0.44 A
ISD =  ISU Zn 0.15 0.32 0.21 0.018 0.26 0.021 A
* Result indicates whether hypothesis (hypoth.) of two conditions tested should be equal. 
ABBREVIATIONS:
ISD Inoculated and soaked substrate, downflow configuration
ISU Inoculated and soaked substrate, upflow configuration
HYPOTH. Hypothesis
A Accept hypothesis
NA Do not accept hypothesis
n j and s ^  mean and variance of sample 1
r i g  and mean and variance of sample 2
Hp and s m e a n  and variance of pooled samples 1 and 2
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TABLE C-3. Results of t test analysis for at 0.05 level of significance for the
Quartz Hill drainage comparing the effects of initial substrate conditions on
metal removal over seven weeks.
HYPOTH.7 METAL MEAN VARIANCE RESULT7
" f n2 nP Sf2 s22
D =  S Fe 1.33 2.37 1.94 0.66 7.34 4.67 A
S =  ISD 2.36 3.10 2.74 7.34 30.49 18.91 A
D =  ISD 1.33 3.10 2.36 0.66 30.49 18.56 A
D =  S Cu 0.106 0.09 0.098 0.014 7.5x1 O'3 0.010 A
S =  ISD 0.09 0.07 0.08 7.4x1 O'3 4.1x1 O'3 5.8x1 O'3 A
D =  ISD 0.11 0.07 0.09 0.014 4.1x1 O’3 8.2x10’’3 A
COIIO Mn 1.24 0.87 0.97 0.13 0.18 0.16 A
S -  ISD 0.87 1.81 1.34 0.18 0.99 0.59 NA
D =  ISD 1.24 1.81 1.52 0.13 0.99 0.65 A
O II CO Zn 1.76 1.53 1.63 10.63 11.24 10.99 A
S =  ISD 1.53 0.94 1.24 11.24 3.49 7.37 A
D =  ISD 1.76 0.94 1.28 10.63 1.87 6.35 A
7 Result indicates whether hypothesis (hypoth.) of two conditions tested should be equal. 
ABBREVIATIONS:
D Dry substrate, downflow configuration
S Soaked substrate, downflow configuration
ISD Inoculated and soaked substrate, downflow configuration
HYPOTH. Hypothesis
A Accept hypothesis
NA Do not accept hypothesis
n j and s f  mean and variance of sample 1
n 2  and s2^ mean and variance of sample 2
np  and s p 2  mean and variance of pooled samples 1 and 2
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TABLE C-4 Results of t test analysis at 0.05 level of significance for the Quartz
Hill drainage comparing the effects of reactor configuration on metal
removal.
HYPOTH. 1 METAL MEAN VARIANCE RESULT*
n7 n2 "P s 1 2
(0
ISD =  ISU Fe 3.10 2.35 2.83 30.49 0.55 20.51 A
ISD= ISU CU 0.07 0.19 0.12 4.1x10"® 0.027 0.012 A
ISD =  ISU Mn 1.82 0.91 1.49 0.998 0.05 0.68 A
ISD =  ISU Zn 0.94 0.37 0.73 3.49 0.03 2.34 A
* Result indicates whether hypothesis (hypoth.) of two conditions tested should be equal.
ABBREVIATIONS:
ISD Inoculated and soaked substrate, downflow configuration
ISU Inoculated and soaked substrate, upflow configuration
HYPOTH. Hypothesis
A Accept hypothesis
NA Do not accept hypothesis
n j and s f  mean and variance of sample 1
n 2  and s22  mean and variance of sample 2
r i p  and s p 2  mean and variance of pooled samples 1 and 2
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TABLE C-5. Results of t test analysis at 0.05 level of significance for Big Five
drainage comparing the effects of initial substrate conditions on metal
removal over seven weeks.
HYPOTH. * MET. MEAN VARIANCE RES.*
" f n2 .....2r S 12 s22
IDD =  ISD Fe 3.88 2.68 3.28 9.69 5.40 7.55 A
IDD =  ISD Cu 1.34 0.32 0.83 7.55 0.18 3.87 A
IDD «= ISD Mn 10.71 8.83 9.77 153.3 146.9 150.2 A
IDD =  ISD Zn 0.11 0.14 0.15 2.58x1 O'3 7.73x1 O'3 5.15x1 O'3 A
* Result indicates whether hypothesis (hypoth.) of two conditions tested should be equal.
ABBREVIATIONS:
IDO Inoculated and dry substrate, downflow configuration




NA Do not accept hypothesis
n? and Sj2  mean and variance of sample 1
n£ and Sg2 mean and variance of sample 2





Table D-1. National Tunnel hydraulic conductivity data for 3:1 manure-soil
substrate under varying initial substrate conditions, 1990, in cm/sec.1






14 7.19 xIO"3 4.11 x 10"4 6.39 x 10 '5
21 6.16 x IO '3 5.07 x 10'4 1.19 x 10*4
28 6.33 x 10 ' 3 3 .52x1 O'5 8.27 x 10 '5
42 3.70 X 10'3 3.30 x 10 ’ 4 5.83 x IO*5
56 1.09 x 10'2 2.11 x IO'3 2.18 x IO '3
70 NA 7.23x1 O'3 2.74 x 10'3
84 NA 3.14 x 10"3 1.57 x 10*3
98 9.65 x IO-4 3.45 x 10"3 1.95 x IO'3
112 1.24 X 10"3 2.96 X 10*3 2.25 x 10 '3
126 5.93 x 10'3 5.18 X IO"3 3.76 x 10'3
NA Not Available
1 Hydraulic Conductivity measurements collected from July 6, 1960 through October 27, 1990.
9
Downflow dry substrate data collected from days 14 through 56.
Upflow inoculated and soaked substrate data collected from days 98 through 126.
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Table D-2. Quartz Hill Tunnel hydraulic conductivity data for 3:1 manure-soil
substrate under varying initial substrate conditions, 1990, in cm/sec.1






38 5.62 x IO-4 2.41 x I f f 4 1.93 x 10"4
38 6.89 x I f f 4 1.32 x 10"4 2.51 x IO’4
42 2.00 X IO-3 2.74 x I f f 4 2.99 X I f f 4
44 1.49 x IO"3 3.32 x i f f 4 4.59 x 10'4
51 1.06 x 10-3 3.06 X I f f 4 4.04 x 10"4
54 4.03 X 10'6 4.41 x 10"® 5.57 x 10'6
78 NA 5.33 x 10'5 >.92 x IO'5
87 NA 5.87 X i f f 4 1.34 X 10"4
88 NA 6.82 x 10*4 7.61 X 10-4
89 2.76 x 10'5 1.02 X i f f 3 5.27 x IO'5
83 1.01 X 10"4 1.38 x If f3 1.58 X 10-3
94 1.15 x 10"4 7.49 x 10*4 1.58 x 10*3
97 3.92 x IO'5 8.27 x I f f 4 1.17 x 10-3
100 7.58 x 10"6 3.93 x I f f 4 1.66 x 10"3
101 1.25 x 10‘5 1.61 x I f f 3 4.02 X If f3
103 1.57 x IO'5 2.14 x 1C3 1.44 x I f f 3
105 2.26 X 10*5 1.10 x I f f 3 1.29 X If f3











114 6.21 x IO'5 2.08 x IO -3 1.88 x 10"3
115 5.04 x 10'5 2.88 x 10"3 3.68 x 10"4
118 2.48 x 10"6 3.88 x 10"4 4.87 x I f f 3
118 NA 1.08 x 10'3 2.43 x 10*4
120 3.01 x 10'5 1.24 x 10"3 2.92 x 10-3
123 2.12 x 10‘5 7.46 x 10'3 1.66 x IO"4
NA Not Available
1 Hydraulic Conductivity measurements collected from August 6, 1990 through October 31, 1990.
2 Downflow dry substrate data collected from days 38 through 54.
Upflow inoculated and soaked substrate data collected from days 89 through 123.
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Table D-3. Big Five Tunnel hydraulic conductivity data for varying initial substrate













5 2.86 x IO'3 7.27 x 10'3 6.05 x 10*3 4.10 x I f f 4
6 NA 1.51 x 10*3 1.49 X10"3 4.00 x 10"4
8 NA NA 3.93 x 10'3 7.87 X I f f 4
12 8.51 X 10-3 4.58 x If f3 2.18 x 10"3 8.77 X I f f 4
13 2.92 X 10"3 8.79 x 10"3 NA 9.77 X I f f 4
15 5.71 x 10'3 NA 3.58 X 10"3 6.29 x Iff®
16 NA NA 1.95 X  10"3 8.15 X 10*4
18 NA NA NA 6.59 X 10"4
20 6.82 x 10*3 3.50 x I f f 3 3.22 X 10"3 9.54 X I f f 4
22 3.11 x 10"3 3.83 x I f f 3 2.80 X 10'3 6.75 X 10"4
23 8.66 x IO"3 7.30 x If f3 NA NA
25 1.12 x I f f 2 3.49 X If f3 3.14 x 10"3 4.44 X I f f 4
27 3.36 X IO"3 2.80 X If f3 4.83 X I f f 3 7.20 X 10"4
29 4.86 X IO"3 3.97 X I f f3 1.66 X I f f 3 5.04 x I f f 4
32 1.34 x 10"3 4.29 X I f f 3 NA 5.09 x 10"4
34 7.64 X 10"3 6.40 x 10'3 5.34 X 10'3 7.31 x 10"4
35 6.01 X 10"3 7.69 x 10"3 1.04 x IO*3 6.11 x 10"4
39 8.54 x 10"3 NA NA 3.52 X  I f f 4

















4 4 4 .3 8  X IO '3 3 .2 6  x  10"3 1 .3 5  x  10""* 4 .3 0  X  10*4
4 7 4 .2 9  x  IO ”3 3 .0 0  x  10"3 1 .70  x  10-4 8 .01  X  10"4
4 8 NA 2 .6 9  x  10"3 8 .8 2  x  IO"4 6 .3 4  x  10"4
5 4 NA 1 .25  x  10-3 NA 3 .3 5  X 10*4
5 7 3 .8 3  x  10"3 3 .2 6  x  10-3 NA 6 .0 4  x  10"4
6 2 4 .8 2  x  10"3 NA 9 .9 4  x  IO ’ 5 4 .1 2  X 10"4
6 4 NA 5 .11 X 10"3 NA 4 .7 0  X 10 '4
6 5 6 .8 6  x  10 '3 1.81 x  10"3 NA 5 .6 6  X  10"4
6 8 3 .8 0  x  10"3 1 .6 5  X  10"3 NA 4 .7 9  X  10 '4
7 2 5 .6 0  x  10 '3 1.81 x  10"3 1 .1 4  x  10*4 5 .6 6  X  10 '4
7 5 5 .31 X 10"3 1 .30  x  10"3 NA 7 .4 3  X  10 '4
7 8 4 .2 8  x  10"3 1.41 x  10"3 2 .01  x  10"3 7 .3 4  x  10 '4
8 2 4 .0 6  X 10 '3 1 .38  X 10-3 3 .4 5  X 10-3 1 .0 8  X 10-3
8 4 2 .1 6  x  10*3 1 .25  X 10"3 2 .7 3  x  10"3 1 .0 0  X  10"3
8 9 3 .7 4  x  10"3 1 .4 9  x  10-3 9 .3 4  x  10-4 NA
91 4 .4 8  x  10’ 3 2 .0 8  X 10"3 4 .4 8  X 10"3 1 .4 4 X  10"3
100 8 .8 3  x  IO"3 1 .6 8  X 10*3 7 .11  x  10*3 1 .9 8  x  10"3
103 7 .2 0  X 10 '3 2 .4 0  X 10*3 2 .6 3  x  10"3 9 .8 9  x  10 '4





Day Inoculated Inoculated and Inoculated Inoculated and
and Dry Soaked trnd Dry Soaked
Limestone Limestone Manure Manure
110 2 . 6 4  x  10T3 2.73 x 10'3 2.18 x IO'3 2.71 x IO'3
131 NA 2.85 x 10'3 2.38 x 10"3 4.48 x IO '3
132 9.20 x IO '3 3.28 x IO 3 2.23 x 10'3 6.88 x 10"3
NA Not Available
1 Hydraulic Conductivity measurements collected from July 9, 1991 through November 13, 1991.
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APPENDIX E 
STATISTICAL ANALYSIS OF 
HYDRAULIC CONDUCTIVITY DATA
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Table E-1. Results of t test analysis at 0.05 level of significance for the National
Tunnel drainage comparing initial substrate conditions and reactor
configuration for hydraulic conductivity.
HYPOTH.* DAYS MEAN VARIANCE RES.7
nf n2 "p * 1 2 * 2 * • /
O II CO 14-42 5.8x1 0"3 8.1x10'® 3.0x1 O'3 2.2x10'® 7.5x1 O'70 1.1x10*® NA
S =  ISD 3.2x1 O'4 8.1x10'® 2.0x1 O'4 4.1x10"® 7.5x10 'T0 2.1x10*® A
D =  ISD 5.8x10*3 3.2x1 O'4 3.1x1 O'3 2.2x10*® 4.1x10"® 1.1x10*® NA
S =  IS 14-126 2.5x1Cf3 1.5x1 O'3 2.0x10"3 5.6x10*® 1.8x10*® 3.7x10*® A
S =  ISO 56-126 4.0x1 O'3 2.5x1 O'3 3.2X10*3 3.5X10"3 5.8X10*7 2.0x10*® A
ISD=ISU 14-42
56-126
8.1x10'® 4.8x1 O'3 2.4x1 O'3 7.5x1 O '1 0 2.2x10*® 1.1x10*® A
1 Result indicates whether hypothesis of two conditions tested should be equal. 
ABBREVIATIONS:
0 Dry substrate, downflow configuration
S Soaked substrate, downflow configuration
ISD Inoculated and soaked substrate, downflow configuration




NA Do not accept hypothesis
n  ̂ and s f mean and variance of sample 1
n 2  and s23 mean and variance of sample 2
n and s 3  
P  P
mean and variance of pooled samples 1 and 2
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Table E-2. Results of t test analysis at 0.05 level of significance for the Quartz Hill
Tunnel drainage comparing initial substrate conditions and reactor
configuration for hydraulic conductivity.
HYPOTH.7 DAYS MEAN VARIANCE RES.7
" f n2 "P sf2 s22 j Z
D =  S 38-54 asxio"4 2.1x1 O'4 5.9x1 O'4 5.1x10*7 1.5x10"® 2.6X10'7 NA
S =  ISD 2.1x1 O'4 2.7x1 O'4 2.4x1 O'4 1.5x10"® 2.8x10"® 2.1x10"® A
D =  ISD 9.6X1 O'4 2.7x10 6.1X10"4 5.1x10"7 2.8x10"® 2.7x1 O'7 NA
S =  ISO 38-123 9.2x10*4 1.3x1 O'3 1.1x10"® 5.7x1 O'7 1.9x10"® 1.2x10"® A
S =  ISD 78-123 1.1x10'® 1.6x10'® 1.4x10"® 5.3x10'7 2.0x10"® 1.3x10"® A
ISD =  ISU 38-54
89-123
2.7x10*4 3.9x10"5 1.1x1 O'4 2.8x1 O'4 1.1x10"® 8.1x10"® NA
7 Result indicates whether hypothesis of two conditions tested should be equal. 
ABBREVIATIONS:
D Dry substrate, downflow configuration
S Soaked substrate, downflow configuration
ISD inoculated and soaked substrate, downflow configuration




NA Do not accept hypothesis
xr and s * mean and van since of sample 1
* 2  and s .£ mean and variance of sample 2
* p  and sp mean and variance of pooled samples 1 and 2
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Table E-3. Results of t test analysis at 0.05 level of significance for the Big Five
Tunnel drainage comparing initial substrate conditions and reactor
configuration for hydraulic conductivity.
HYPOTH., DAYS MEAN VARIANCE RES.*
"1 n2 "p s 12 s 2 2 V
DIL =  SIL 5-48 6.2x1 O'3 4.5X10"3 5.4x1 O'3 8.5x10*® 4.6x10*® 7.1x10*® A
OIL =  SIL 54-132 5.0x1 O'3 2.2x1 O'3 3.5x1 O'3 3.8x10*® 8.8x10*7 2.3x10*® NA
DIL =  SIL 5-132 5.6x1 O'3 3.3x1 O'3 4.4x10*3 7.0x10*® 4.1x10*® 5.4x10*® NA
DIM =  SIM 5-48 2.7x1 O'3 6.6x1 O'4 1.5x1 O'3 3.0x10*® 3.8x10*® 1.4x10*® NA
DIM =  SIM 54-132 2.6x1 0*3 1.5X10*3 2.0x1 O'3 3.5x10*® 2.8x10*® 3.1x10*® A
DIM =  SIM 5-132 2.6x1 0*3 1.1X10*3 1.7x1 O'3 3.1x10*® 1.5x10*® 2.2x10*® NA
* Result indicates whether hypothesis of two conditions tested should be equal.
ABBREVIATIONS:
DIL Dry inoculated limestone, with alfalfa, downflow configuration
SIL Soaked inoculated limestone, with alfalfa, downflow configuration
DIM Dry inoculated manure, downflow configuration




NA Do not accept hypothesis
n 1 and s^2 mean and variance of sample 1
n , and s22 mean and variance of sample 2
n and s 2 
P  P
mean and variance of pooled samples 1 and 2
